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ABSTRACT 
 
In the last twenty years, N-heterocyclic carbenes (NHC) have gained general 
attention as a class of ligands alternative or complementary to the classical ones, 
based on phosphorous (phosphines, phosphites, etc.) or nitrogen (amines, imines, 
etc.) donor atoms. In particular, a growing number of new technological 
applications based on Au(I)- or Au(III)-NHC complexes has appeared. Noteworthy, 
up to now the majority of these examples deals with N-heterocyclic monocarbene 
gold complexes. 
This PhD thesis is focused on the chemistry of gold complexes with di(NHC) ligands 
(di(NHC) = di(N-heterocylic carbene)) with particular reference to their synthesis 
and to the determination of a possible relation between their structure, properties 
and reactivity. 
In particular the obtained results are divided in three main chapters: i) Synthesis 
and characterization of the gold(I) di(NHC) complexes; ii) Oxidation of the gold(I) 
di(NHC) complexes; iii) Synthesis and reactivity of silver and gold complexes with 
novel di(NHC) ligands obtained via click reaction. 
 
i) Synthesis and characterization of the gold(I) di(NHC) complexes. 
Gold(I) complexes with different functionalized N-heterocyclic di(NHC) ligands have 
been prepared by direct deprotonation of the diimidazolium salts, that are the 
di(NHC) ligand precursors, in the presence of AuCl(SMe2) and of a mild base 
(NaOAc). In the adopted synthetic conditions, dinuclear dicationic gold(I) complexes 
presenting a metallamacrocyclic structure with two bridging di(NHC) ligands have 
been obtained in good yields.  
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The photoluminescence and electrochemical properties of the  synthesized 
complexes are strongly influenced by the structure of the di(NHC) ligand employed, 
in particular by the bridge present between the two imidazole-2-ylidene rings. 
Remarkably we identified complex 3 (Y = (CH2)3) as a very strong solid state emitter 
with an almost unitary quantum yield of emission (Фem = 96 %). The ligands of 
complex 3 were functionalized with different wingtip substituents, bearing long 
aliphatic chains of different length, with the aim of obtaining luminescent liquid 
crystals. The new complexes of this type behave as thermotropic materials, differing 
from the parent compound 3. 
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ii) Oxidation of the gold(I) di(NHC) complexes. 
The reactivity of the gold(I) complexes toward oxidative addition of halogen is 
strongly influenced by the employed halogen and by the structure of the di(NHC) 
ligand. In general stable Au(III)/Au(III) complexes were obtained; however with the 
bulkier iodine a mixed valence Au(I)/Au(III) complex is isolated. Moreover the 
presence of the propylene bridge in the di(NHCs) favors the formation rather novel 
Au(II)/Au(II) complexes. The nature and the geometry of the obtained products 
have been fully elucidated in several cases by X-ray analysis. 
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iii) Synthesis and reactivity of silver and gold complexes with novel di(NHC) ligands 
obtained via click reaction. 
The copper(I) catalyzed azide alkyne cycloaddition was used to introduce new 
functionalities (benzyl or polyethyleneglycole chain substituted triazole) on the 
peripheral positions of the bis(1-methylimidazole)propane core. Using the 
optimized reaction condition it was possible to prepare the corresponding gold(I) 
and gold(III) complexes. The in vitro cytotoxic activity of the functionalized gold(III) 
di(NHC) complexes was evaluated on a series of different neoplastic cell lines and 
on two healthy cell lines; The functionalized complexes are more active than the 
parent unfunctionalized ones and they express cytotoxicity preferentially towards 
the neoplastic cells. 
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 MCF7 EPC 
IC50 (μM) 0.9 30.4 
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SOMMARIO 
 
Negli ultimi vent’anni i leganti carbenici N-eterociclici (NHC) sono stati una delle 
classi di leganti più studiate in chimica organometallica. Questi leganti si sono infatti 
imposti come valida alternativa ai classici leganti σ-donatori basati su atomi 
donatori quali fosforo (fosfine, fosfiti, ecc.) e azoto (ammine, immine, ecc.). In 
particolare in letteratura si riscontra un numero sempre crescente di lavori riguardo 
nuove applicazioni tecnologiche di complessi di oro(I) e oro(III) con leganti NHC. Ad 
oggi, la maggior parte di questi esempi riguarda complessi di oro con leganti 
mono(carbenici N-eterociclici). 
Il lavoro svolto in questa tesi di dottorato è invece incentrato sulla sintesi e 
caratterizzazione di nuovi complessi di oro con leganti di(NHC) (di(NHC) = 
di(carbene N-eterociclico)) e sulla ricerca di una possibile relazione tra la loro 
struttura molecolare, le loro proprietà e la loro reattività. 
I risultati ottenuti sono divisi in tre capitoli principali: i) Sintesi e caratterizzazione di 
nuovi complessi di oro(I) con leganti di(NHC); ii) Ossidazione dei complessi di oro(I) 
con leganti di(NHC); iii) Sintesi e reattività di complessi di oro e argento con nuovi 
leganti di(NHC) funzionalizzati mediante click chemistry. 
 
i) Sintesi e caratterizzazione di nuovi complessi di oro(I) con leganti di(NHC). 
Nuovi complessi di oro(I) con leganti di(NHC) differentemente funzionalizzati sono 
stati ottenuti mediante deprotonazione diretta dei corrispondenti sali di 
diimidazolio, precursori dei leganti carbenici, in presenza di AuCl(SMe2) e di una 
base debole (NaOAc). Nelle condizioni di reazione impiegate sono stati ottenuti, con 
buone rese, complessi dinucleari di oro(I) caratterizzati da una struttura 
metallamacrociclica con due leganti di(NHC) a ponte fra i due centri metallici. 
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Le proprietà fotochimiche ed elettrochimiche dei complessi di oro(I) ottenuti sono 
fortemente influenzate dalla struttura del legante di(NHC) utilizzato e in particolare, 
dal ponte (Y) presente tra i due anelli imidazol-2-ilidenici. È stato identificato un 
complesso (3, Y = (CH2)3) caratterizzato da una fotoemissione allo stato solito molto 
intensa con una resa quantica di emissione quasi unitaria (Фem = 96 %). Il legante 
di(NHC) presente nella struttura del complesso 3 è stato successivamente 
funzionalizzato sugli atomi di azoto in posizione 1,1’ con sostituenti contenenti 
catene alifatiche di diversa lunghezza con l’obiettivo di ottenere complessi con 
caratteristiche di cristalli liquidi luminescenti. I nuovi complessi ottenuti, a 
differenza del complesso di riferimento 3, si comportano come materiali 
termotropici. 
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ii) Ossidazione dei complessi di oro(I) con leganti di(NHC). 
La reattività dei complessi di oro(I) nella reazione di addizione ossidativa di alogeno 
è fortemente influenzata dall’alogeno e dalla struttura del legante di(NHC) 
impiegati. Nella maggior parte dei casi sono stati ottenuti complessi dinucleari di 
oro(III) stabili; tuttavia utilizzando come ossidante un alogeno relativamente 
ingombrante come lo iodio è stato possibile isolare anche un complesso a valenza 
mista Au(III)/Au(I). Inoltre la presenza del ponte propilene nella struttura dei 
complessi di(NHC) favorisce la formazione di complessi in cui l’oro è presente nel 
poco comune stato di ossidazione Au(II)/Au(II). La struttura e la geometria dei 
prodotti ottenuti è stata in molti casi confermata dalla risoluzione della relativa 
struttura ai raggi X. 
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iii) Sintesi e reattività di complessi di oro e argento con nuovi leganti di(NHC) 
funzionalizzati mediante click chemistry. 
La reazione di cicloaddizione tra azide e alchino catalizzata da sali di Cu(I) (CuAAC) è 
stata utilizzata per introdurre nuovi gruppi funzionali (anelli triazolici recanti 
rispettivamente un gruppo benzile o una catena di polietilenglicole) nelle posizioni 
5,5’ degli anelli imidazolici del precursore carbenico a ponte propilenico. Utilizzando 
le condizioni di reazione ottimizzate è stato quindi possibile ottenere i 
corrispondenti complessi dinucleari di oro(I), oro(III) e argento(I). L’attività 
citotossica in vitro dei complessi di oro(III) con leganti di(NHC) funzionalizzati è stata 
determinata su una serie di differenti linee cellulari neoplastiche e su due linee 
cellulari sane. I complessi funzionalizzati presentano un’attività maggiore rispetto ai 
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complessi con leganti non funzionalizzati ed esprimono la loro citotossicità in 
maniera preferenziale verso le cellule tumorali. 
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Chapter 1: INTRODUCTION 
 
N-HETEROCYCLIC CARBENE LIGANDS AND THEIR TRANSITION 
METAL COMPLEXES. 
 
1.1 Applications and properties of N-heterocyclic carbene complexes 
In the last twenty years N-heterocyclic carbenes (NHCs) have become some of the 
most popular ligands in organometallic chemistry and in catalysis.
1 These ligands behave like typical σ–donor ligands and they can substitute classical 
2e- donor ligands such as amines, ether or phosphines in metal coordination 
chemistry. Their most famous example of application is represented by the Ru(II) 
second generation olefin metathesis catalyst described by Grubbs (Figure 1.1).2 
 
N N
Mes Mes
Ru
PCy3
Cl
Cl H
N N
Mes Mes
Ru
PCy3
Cl
Cl H
 
Figure 1.1: Second generation Grubbs’s catalysts for olefin metathesis. 
 
In these type of complexes the presence of an N-heterocyclic carbene donor in 
trans to the labile phosphine ligand favors the coordination of the olefin to the 
metal center with the correct orientation, thus leading to very efficient catalysts.3 
Another fundamental reaction in which the use of N-heterocyclic carbene ligands 
leads to very efficient catalysts is the Heck type coupling (Figure 1.2).4 
 
Chapter 1: INTRODUCTION 
14 
 
Pd
Br
Br
NN
N
N
(CH3)3C
C(CH3)3
PR3
PdI I
NN
 
Figure 1.2: NHCs palladium(II) catalysts for Heck type reactions. 
 
The advantageous properties of the N-heterocyclic carbene complexes in 
homogeneous catalysis are:  
 High thermal and hydrolytic durability resulting from the exceptionally 
stable M-C bonds. 
 Easy accessibility. 
 No needs for an excess of ligand, in contrast to the corresponding phosphine 
complexes. 
 
Limiting the discussion on NHC complexes only to their catalytic applications is 
surely reductive. In fact, the high stability characterizing this type of complexes, 
together with the possibility of finely tuning their steric and electronic properties 
through a careful functionalization of the ligand, opens new perspectives of 
employment in different fields beyond catalysis,5 like for example medical 
application, luminescent materials and supramolecular chemistry. 
Biomedical application has become nowadays a big issue of NHC chemistry. For 
example silver(I) NHC (Figure 1.3) complexes can be employed as antimicrobical 
agents and allow to overcome the problems displayed by conventional silver 
antibiotics, such a fast loss of activity.6 This antimicrobical effect may be explained 
with a prolonged release of biologically active silver ions, owing to a slow silver 
dissociation; this is rationalized with an enhanced stability of the silver(I) NHC 
complexes, as a consequence of a partially covalent Ag-CNHC bond. The release of 
silver ions can be further regulated by encapsulation of the silver NHC complexes 
into polymers.7 
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Figure 1.3: Examples of silver NHC complexes as antimicrobial agents. 
 
The anticancer potential of metal N-heterocyclic carbene complexes has also been 
studied and indeed several reviews appeared in this regard.8 In particular, some 
newly developed palladium(II), copper(I), silver(I), and gold(I,III) complexes display 
antitumor activities superior to that of cisplatin (Figure 1.4). These metals can 
exploit their anticancer activity along different mechanism of action. For example, it 
is a general opinion that palladium-NHC complexes follow pathways analogous to 
cisplatin, that is the crosslinking of the DNA. By contrast, copper-NHC complexes are 
believed to cause metal induced apoptosis. 
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Figure 1.4: Examples of NHC-metal complexes used use as anticancer drugs. 
 
Moving to material science, N-heterocyclic carbene complexes are studied for 
photoluminescence applications, and in particular for the fabrication of organic light 
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emitting diodes (OLEDs).9 In this regard particularly interesting and much sought-
after are blue emitting compounds. In this regard, both the NHC complexes of 
iridium(III) and platinum(II) reported in Figure 1.5 are phosphorescent in the blue 
region with a relatively high emission quantum yield.10, 11 For example the Φ 
displayed by the iridium(III) complex is higher than that of similar complexes with 
pyrazole-based ligands and this has been attributed to the greater electron donor 
ability of carbene carbon atoms compared to the nitrogen ones; NHCs are in fact 
able to create a strong ligand field, destabilizing thermally accessible non emissive 
states and thus favoring the phosphorescent emission. Furthermore, the iridium(III) 
complexes preserve their properties also after incorporation in polystyrene film, a 
necessary requisite for their use as components in OLEDs. Another fundamental 
property for this purpose is a prolonged photostability, as demonstrated by the 
platinum(II) bis(di(NHC)) complexes reported by Strassner (Figure 1.5).11 Moreover 
in this type of platinum(II) complexes, a change of the nitrogen wingtip substituents 
influences the emission quantum yield (smaller groups induce a higher quantum 
yield) leaving unaltered the wavelength of emission. 
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R
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Figure 1.5: Iridium(III) and platinum(II) complexes, emitters in the blue region. 
 
Another interesting field of application is the preparation of self-assembly 
materials, to be employed for example as liquid crystalline materials. The strong M-
CNHC bond increases the stability of the complexes toward dissociation, and 
moreover the N-heterocyclic ligands are resistant towards chemical attacks (air, 
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water and moisture). This resulting high thermal stability should indeed prevent the 
decomposition of the carbene complexes at the clearing point (the transition 
temperature between the mesophase and the isotropic liquid phase), which 
represents the major drawback with liquid-crystalline coordination compounds.12 
For example, the gold(I) bis(carbene) complexes reported in Figure 1.6 are 
thermally stable up to 240 °C and liquid crystalline in a wide temperature range (90-
160 °C), depending on the wingtip chain length. In this case the formation of 
lamellar β mesophases should be favored by the presence of both π-π stacking (due 
to the benzimidazol-ylidene rings) and hydrophobic (due to the long chain 
substituents) interactions.13 
 
 
Figure 1.6: Gold(I) biscarbene complexes prepared by Lin et al. and employed as liquid 
crystals. 
 
The stability of the metal-CNHC is also a required feature for the preparation of 
organometallic building blocks suitable for metallo supramolecular structures and 
organometallic polymeric materials. For example Hahn et al. have prepared a 
tetrametallic molecular square via reaction of nickelocene with the proper 
benzimidazolium salt and subsequent coupling of the resulting nickel complex with 
4,4’-bipyridine as connecting ligand (Figure 1.7).14 
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Figure 1.7: Example of a supramolecular assembly from CpNi building block and bidentate 
bridging ligands. 
 
As reported above, many of the properties of NHC complexes may be ascribed to 
the particular inertness of the M-CNHC bond. It is thus interesting to examine more in 
detail the interaction between the metal center and the carbene donor in their 
coordination compounds. 
 
The peculiar stability and coordination properties of the N-heterocyclic carbene 
arise from their structure. In particular the carbene carbon is stabilized by the 
presence in the alpha positions of two nitrogen atoms, which act on the carbene 
moiety in two different ways:15 
 An inductive effect due to the higher electronegativity of nitrogen with 
respect to carbon. In this frame the nitrogen atoms behave as σ-electron 
withdrawing substituents. 
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 A mesomeric interaction between the occupied pπ orbitals on the nitrogen 
atoms and the empty orbital of the same symmetry on the carbene carbon. 
In this interaction the nitrogen atoms can be considered π donor ligands. 
 
These two combined effects from one hand stabilize the carbene σ orbital by 
increasing its s character and, at the same time, enhance the energy of the vacant 
pπ carbene orbital. The σ-pπ gap is thus increased and the singlet ground state 
electronic configuration is favored (Figure 1.8). 
 
NR2:
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Figure 1.8: Inductive and mesomeric effect stabilizing the N-heterocyclic carbene (left); 
qualitative molecular orbital diagram of the N-C-N fragment (right). 
 
The N-C-N fragment can be further stabilized moving from an open to a cyclic 
structure, and an even more important energy stabilization can be achieved by 
introducing an unsaturation between the position 4 and 5 of the heterocyclic ring 
(from an imidazolin-2-ylidene ring to an imidazol-2-ylidene one) because of the 
possible resulting ring aromatization (Figure 1.9).16 
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Figure 1.9: Stabilization in carbenes moving from a :CH2 to a NHC ligand. 
 
For the described properties the interaction between the NHC ligand and the metal 
center, in the coordination complexes, may be compared to that characteristic of 
Fischer type carbene complexes.17 In particular in Fischer type carbene complexes, 
the ligand-metal interaction can be interpreted as a donor acceptor bond. The 
carbene is the donor, it can donate two electrons to the metal center through the 
bond axis while the metal can return electron density to the carbene on its empty 
pπ orbital (Figure 1.10). 
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Figure 1.10: Metal-carbene interaction in Fischer type carbene complexes. 
 
The difference between NHC and Fischer type carbene complexes lies on the 
different capability of the carbene to accept -backdonation from the metal center. 
In fact the backdonation is reduced and can be considered negligible in NHCs 
complexes with respect to Fisher carbene complexes (Figure 1.11). The peculiar 
binding properties of NHCs are easily understandable, since the energy of the 
vacant pπ orbital at the carbene center is considerably increased by the strong N→C 
π donation and therefore this orbital is too high in energy to receive electron 
density from the metal center. 
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Figure 1.11: Possible resonance structures in NHC and Fischer type carbene complexes. 
 
As result NHCs are very strong σ donor ligands. They are stronger donors than other 
classical two electron donor ligands like ethers, amines or phosphines (Figure 1.12) 
and their organometallic complexes are characterized by higher stability even under 
harsh reaction conditions (high temperature, oxidative environment) and they do 
not  need any excess of ligand. 
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Figure 1.12: σ-donor ability of common ligands. 
 
It is possible to obtain even more stable complexes by using polydentate N-
heterocyclic carbenes (polyNHCs) ligands. In this case the electron donation to the 
metal center is enhanced (metal center more electron-rich and polarizable) and also 
the stability against decomposition pathways (e.g. reductive elimination and ligand 
dissociation) is increased by the chelate effect.18 
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1.2 Functionalization of di(N-heterocyclic carbene) ligands 
NHC ligands are widely used in organometallic chemistry for the high stability 
characterizing their complexes. 
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Figure 1.13: N-heterocyclic carbenes based on different heterocycles. 
 
Another positive aspect of these ligands is that they can be easily and differently 
functionalized. This feature allows the tuning of their electronic and steric 
properties as well as the introduction of different functional groups able to largely 
affect the properties and the reactivity of the resulting complexes.19 The first 
discriminating element in determining the properties of a carbene ligand is the 
nature of the nitrogen-heterocycle present in its structure (Figure 1.13). Different 
N-heterocyclic frameworks are available spanning from the variety of five member 
ring carbenes (abnormal-NHCs, pyrazol-ylidenes, triazol-ylidenes, tetrazol-ylidenes, 
benzimidazol-ylidenes, etc.) to six and even four and seven-member rings.18 As 
reported in Figure 1.14 and in Table 1.1, by varying the heterocycle from an 
imidazol-ylidene into a benzimidazol-ylidene a drastic change in the catalytic activity 
of chelating di(NHC) Pd(II) complexes can be observed.20 This variable behavior is 
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due to the combination of two factors: the different electron donating capability of 
the heterocycles (greater for imidazol-ylidene carbenes with respect to 
benzimidazol-ylidene ones) and the presence in the case of the imidazol-ylidene 
ring of protons characterized by moderate acidity (on C4 and C5 atoms) that could 
promote the decomposition of the catalyst in the adopted conditions.20 
 
N N
N NPd
Br Br
N N
N NPd
Br Br
N N
N NPd
Br Br
I II
III  
Figure 1.14: Chelate Pd(II) complexes with different di(NHC) ligands synthesized by Huynh 
et all.
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OHC Cl
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O
tBu
O
tBu
O
O
OHC
[Pd] (0.5 mol%)
NaOAc
[Bu4N]Br
DMF, 150°C
 
 
Table 1.1: Mizoroki-Heck coupling catalyzed by 
complexes I – III reported in Figure 1.14.20 
Catalyst t (h) Yield TON 
I 18 33% 66 
II 18 90% 180 
III 12 >99% 200 
 
The heterocycle ring is not the only parameter that can be modified in the structure 
of these compounds in order to tune their stereo-electronic properties. In 
particular, when focusing on the topology of an di(NHC) ligand it is possible also to 
change: 
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 The bridge Y between the heterocyclic rings; 
 The wingtip substituents R’; 
 The peripheral functions R. 
 
N NR' Y
N N R'
R R R R
Bridging group
wingtip
substituents
wingtip
substituents
Peripheral functions
 
Figure 1.15: General representation of di(N-heterocyclic carbene) ligand. 
 
For example, the nature of the bridge Y is a crucial element in determining the 
coordination mode, chelate vs. bridging, of the di(NHC) ligands. Furthermore, by 
using as linker a complicated function (as reported in the examples in Scheme 1.1 
and Scheme 1.2) it is possible to obtain a dinuclear, chiral gold(I) complex (IV, 
Scheme 1.1)21 or a neutral one (Scheme 1.2)22. 
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Scheme 1.1: Chiral gold(I) complexes synthesized by Dervisi et al.21 
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Scheme 1.2: Neutral, dinuclear silver(I) di(NHC) complex synthesized by Strassner et al.
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Finally, also the wingtip positions can be functionalized. Scheme 1.3 depicts the 
quaternization of the nitrogen atoms in 1 and 1’ heterocycle positions by reaction 
with BEt3 groups.
23 
 
N N
N N
i) 2 BEt3, THF
-60°C
ii) r.t. 12h
N N
N N
Et3B BEt3  
Scheme 1.3: Synthesis of a neutral di(NHC) ligand precursor reported by Siebert. The 
deprotonation of this compound lead to a dianionic di(NHC) ligand.23 
 
Such functionalization allows the synthesis of neutral diimidazolium proligands that, 
after the deprotonation of the 2 and 2’ positions, lead to the formation of a 
dianionc di(NHC) ligand. The change in the total charge of a complex is very 
important in tuning its physical and chemical properties.  
As shown in the examples reported in this section the preparation of differently 
functionalized NHC-precursors is easy and involves usually only few reaction steps. 
The versatility of the di(NHC) ligands structure allows the optimization of the 
Chapter 1: INTRODUCTION 
26 
 
molecular structure of the complex in order to fulfill the desired parameters to 
afford better performances in catalysis as well as in other fields of application. 
 
1.3 Gold complexes with N-heterocyclic carbene ligands 
 
1.3.1 Synthesis of gold(I) complexes 
Gold(I) NHC complexes are mainly synthesized following four synthetic 
procedures:24 
a) Nucleophilic addition of amines to gold(I) coordinated isocyanides. 
b) Homolytic breaking of properly functionalized olefins, and subsequent 
coordination of the formed carbene donor to the gold(I) center. 
c) Transmetallation of the carbene ligand from silver(I) complexes. 
d) In situ deprotonation of imidazolium salts, the most common carbene 
proligands, in the presence of a gold(I) or gold(III) precursor. 
 
a) Nucleophilic addition of amines to gold(I) coordinated isocyanides 
This is the first reported synthetic way to prepare gold(I) NHC complexes and, 
although it requires several synthetic steps and functionalization of the isocyanide 
ligand, is still currently used.25 In this reaction the coordinated carbon atom of the 
isocyanide undergoes nucleophilic attack by an amine followed by a proton shift 
from the amine to the isocyanide nitrogen atom to afford the carbene complex 
(Scheme 1.4). Using this reaction it is possible to synthesized both acyclic and cyclic 
gold(I) carbene complexes. 
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Scheme 1.4: Synthesis of gold(I) NHC complexes via amine nucleophilic addition to 
coordinated isocyanides. 
 
b) Homolytic breaking of properly functionalized olefins, and subsequent 
coordination of the formed carbene donor to the gold(I) center. 
Functionalized electron rich olefins, treated at high temperature in toluene, may 
generate the free carbene fragment that in the presence of [AuCl(PPh3)] can lead to 
the formation of an homoleptic mononuclear bis(carbene) complex through the 
substitution of the PPh3 and Cl
- ligands (Scheme 1.5).26 Even if the procedure 
appears straightforward, the number of reported example in literature is limited. 
 
N
N
N
N
+    [AuCl(PPh3)]
Toluene, 110°C
N
N
N
N
Au
ClMe2N
NMe2Me2N
NMe2 Me2N NMe2
Me2N NMe2
Scheme 1.5: Homolytic breaking of properly functionalized olefins, and subsequent 
coordination of the formed carbene fragment to the gold(I) center. 
 
c) Transmetallation of the carbene ligand from silver(I) complexes. 
In the first step of this synthesis, optimized by Lin et al., an azolium salt reacts with 
Ag2O, which acts both as base and metal precursor, to form an Ag(I)-NHC complex. 
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Subsequently, in the presence of AuCl(SMe2) the transfer of the carbene ligand to 
the Au(I) center is quantitative (Scheme 1.6).27 The only byproduct is the silver salt 
AgCl that can be easily removed upon filtration. This type of synthesis gained great 
attention because it usually affords the product in high yields and it can be 
performed under mild reaction condition (usually room temperature). 
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Scheme 1.6: Transmetallation of the carbene ligand from silver(I) complexes. 
 
d) In situ deprotonation of imidazolium salts, the most common carbene proligands, 
in the presence of a gold(I) or gold(III) precursor. 
This procedure allows to synthesized in only one step NHC gold(I) complexes 
avoiding the formation of precursors like the isocyanide complexes or the Ag(I) 
complex (procedures a) and c)). In this case the reaction between the carbene 
precursor and AuCl(SMe2) is performed in the presence of a mild base, usually 
sodium acetate, in N,N-dimethylformamide (DMF) as solvent. The deprotonation of 
the azolium salt affords the in situ formation of the NHC ligand that can thus 
coordinate the gold(I) center leading to the gold(I) complex (Scheme 1.7).28 
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N NN N
H H
N NN N
Au Au
N N N N
(Br)2
AuCl(SMe2)
NaOAc
DMF, 130 °C
(Br)2
Scheme 1.7: In situ deprotonation of imidazolium salts, the most common carbene 
proligands, in the presence of a gold(I) precursor. 
 
Recently Nolan29 and Gimeno30 have proposed a similar synthetic strategy, but 
under much mild reaction conditions, for the synthesis of gold monocarbene 
complexes (Scheme 1.8). 
 
N NR R
H Cl-
+
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Scheme 1.8: In situ deprotonation of imidazolium salts, the most common carbene 
proligands, in the presence of a gold(I) precursor. 
 
This last synthetic approach, properly modified, can be extended to a gold(III) 
precursor, exploiting the high oxidant character of gold(III). In particular using the 
reaction conditions optimized by Zhu et al. and reported in Scheme 1.9, it is 
possible to obtain in good yield a gold(I) NHC complex using as metal precursor a 
gold(III) inorganic salt instead of a gold(I) precursor.31 
 
N NR R
H Cl-
+
KAuCl4 * 2H2O
K2CO3, 3-Cl-pyridine
80 °C, 24 hours
N NR R
Au
Cl  
Scheme 1.9: In situ deprotonation of imidazolium salts, the most common carbene 
proligands, in the presence of a gold(III) precursor. 
 
1.3.2 Aurophilic interaction 
The terms “aurophilicity” or “aurophilic interaction” are commonly used to describe 
intra and intermolecular interaction between gold centers and to justify some of 
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their properties, like for example luminescence.32 In the most common case the 
aurophilic interaction is present between linearly dicoordinated gold(I) centers with 
a 5d10 closed shell electronic configuration. The low coordination number is an 
important prerequisite since it minimizes the steric repulsions between the ligands 
in the aggregates. A gold(I) center can be involved in one or more aurophilic 
contacts that are generally present perpendicularly to the axis defined by the metal 
centers and the two coordinated ancillary ligands. The equilibrium distance 
separating two interacting centers is in the range of 2.5-3.5 Å and thus a distance 
lower than the sum of the van der Waals radii of two gold atoms (3.7 Å). The most 
common arrangements of gold complexes are dimers or linear polymers, but 
structures with different geometries are also possible, in particular if the 
coordinated ligands impose structural restrains (Figure 1.6). 
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Au Au Au Au Au Au Au
Au Au Au Au
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Figure 1.16: Possible aurophilic interaction arrangements. 
 
The energy associated with the aurophilic interaction has been estimated in the 
range 7-12 kcal/mol, by using data from several different methods.33 These data 
place aurophilicity into the category of weak forces, comparable to hydrogen 
bonding, and definitely stronger than standard van der Waals forces. Aurophilicity is 
thus a reversible interaction, whose presence depends on several factors. 
Parameters as the temperature or the concentration in solution of the interacting 
units could modify the effects related to aurophilic interaction. In particular some 
phenomena that could strongly reduce the aurophilic interaction are: steric bulk of 
the coordinated ligands, reticular forces in crystals and solvation energy in solution.  
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The presence of aurophilic interaction is often coupled with strong solid state 
photoluminescence in the Uv-Vis region. Attribution of the emission properties to 
specific electronic transitions is not always easy, but there is a growing number of 
cases, in which the gold-gold interaction can be accounted for these transitions.34 
Furthermore the presence of heavy gold centers enhance the spin-orbit coupling of 
the systems, which could facilitate the access to triplet states via intersystem 
crossing. Relaxation of the triplet excited state by radiative decay would usually 
result in phosphorescence with large Stokes shifts.35 
The photochemical properties of these compounds are also related to another type 
of effects that cooperate in synergy with aurophilicity in modifying the electronic 
structure of the system: the relativistic effects. Gold exhibits a maximum relativistic 
effect among all other local neighbors in the periodic table. These effects can 
quantitatively be attributed to the high speeds of all electrons if they move near 
heavy nuclei. The resulting mass increase leads to an energetic stabilization and 
radial contraction, especially for the s and p orbitals. The contraction of these 
orbitals leads to a strong shielding of the nuclear charge, and hence to a 
destabilization and expansion on the d and f orbitals. Moreover also the lanthanide 
contraction (the shielding effect of the filled 4f shell on the 6s and 6p orbitals) 
works in the same direction as relativistic effects for elements of the 6th row and is 
roughly comparable in size.36 
In a polynuclear gold compound in which aurophilic interaction is present, the 
relativistic effects act on the energy levels of the molecular orbitals in the same way 
described for an isolated gold center. Molecular orbitals based on 5d occupied 
orbitals are destabilized while molecular orbitals arising from combination of empty 
6s and 6p atomic orbitals are stabilized. Consequently the energy gap between the 
HOMO and the LUMO decrease and at the same time the excited states are 
stabilized, thus enhancing the probability of electronic transitions (Figure 1.17). 
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Figure 1.17: Qualitative energy-level diagram showing: (a) gold atomic orbitals without 
relativistic effects, (b) gold atomic orbitals with relativistic effects, (c) the molecular orbitals 
of the tetranuclear gold(I) system represented above taking into account aurophilic 
interaction effects, (d) considering also configuration interaction.35 
 
Computational studies mainly performed by Pyykkö et al. show that aurophilic 
interaction presents a dispersive (van der Waals) nature and that it is a 
consequence of correlation effects, strengthened by relativistic effects rather than 
hybridization.36 
Pyykkö derives also a quantitative equation to evaluate the magnitude of the 
energy associated to the aurophilic interaction:36 
 
( )/2 1( / )[10 Nm ]e   eR a be eD R b n        (1) 
or  
( )/2( / )(6.022 10 )e   eR -a be eD R b n        (2) 
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The aurophilic interaction energy De (in J in Equation 1 and kJ mol
-1 in Equation 2) is 
a function of the equilibrium distance, Re (in pm); in the cited equation, n is a free 
parameter (3.95 in Pyykkö’s studies) and a and b (both in pm) are the so-called 
Hershbach-Laurie parameters, which can be obtained from Raman spectroscopy 
combined with crystallography. 
The used values for gold, a = 289 pm and b = -29 pm, have been obtained from 
experimental data by Harvey.37 
Another more simple equation was proposed by Schwerdtferger et al. (Equation 3) 
with De (in kJ mol
-1) and Re (in pm).
38 
 
(-0.035 )61.27 10 e  eReD         (3) 
 
Both the proposed equations give estimated values for the aurophilic interaction in 
good agreement with the experimental and computational data. 
 
Finally it must be remarked that the intensity of the aurophilicity is related also to 
the nature of the ancillary ligands coordinated to the gold(I) centers; in this context 
Pyykkö et al. have recently reported that NHC ligands promote the strongest 
aurophilic interaction.39 
 
1.3.3 Synthesis of gold(III) complexes 
Gold(III) complexes with NHC ligands are less studied than the gold(I) analogues. 
The reason for this situation is not related to a less interesting chemistry or 
applicative appealing but only to the scarcity of efficient synthetic procedures for 
the synthesis of gold(III) NHC complexes. This is related to the highly-oxidizing 
character of gold(III), in fact, attempts to directly coordinate a carbene moiety to a 
gold(III) center result very often in the formation of reduced products like gold(I) 
complexes (as reported is Scheme 1.9) or metallic gold.31 
Three different synthetic procedures can be adopted for the synthesis of NHCs 
gold(III) complexes: 
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a) Oxidative addition of halogen to a gold(I) NHC complex. 
b) Stabilization of the gold(III) center by using a pincer ligand. 
c) Transmetallation of the carbene ligand from a silver(I) complex to a gold(III) 
center. 
 
a) Oxidative addition of halogen to a gold(I) NHC complex. 
Oxidative addition of halogen is the safest, simplest, and most general synthetic 
procedure for the synthesis of Au(III) carbene complexes and several works in 
literature exploit this reaction for the synthesis of both mono and di(carbene) 
complexes as well as for the preparation of stable dinuclear di(NHC) bridged 
gold(III) complexes (Scheme 1.10). 
In this case the driving force of the reaction is given by the break of a weak halogen-
halogen bond (ca. 50 kcal/mol) and the formation of two strong gold-halogen bonds 
(ca. 80 kcal/mol). 
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Scheme 1.10: General scheme for oxidative addition of X2 to a gold(I) complex. 
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Scheme 1.11: Synthesis of gold(III) NHC complexes via oxidative addition of halogen to 
gold(I) complexes.
40, 41, 42 
 
In all the complexes obtained via oxidative addition of halogen, the gold(III) centers 
present a square planar coordination geometry as expected for a heavy metal 
center in a d8 electronic configuration. In the dicarbene species the two carbene 
donors and the two halogeno ligands are both oriented mutually trans to each 
other (Figure 1.18).42 
 
 
Figure 1.18: Molecular structure of the complex reported in Scheme 1.11(c). 
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b) Stabilization of the gold(III) center by using a pincer ligand. 
In some selected cases the imidazolium salt can be deprotonated and directly 
reacted with a gold(III) precursor, without observing the reduction of gold(III) to 
gold(I). This synthetic procedure can be adopted when the gold(III) precursor is a 
complex stabilized by a pincer ligand (Scheme 1.12).43 
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Scheme 1.12: Synthesis of a gold(III) NHC complex in which the gold(III) center is stabilized 
by using a pincer ligand. 
 
c) Transmetallation of the carbene ligand from a silver(I) complex to a gold(III) 
center. 
Finally, the trasmetallation of the carbene ligand from a silver(I) complex can also 
be applied for the preparation of gold(III)-NHC complexes, although only few 
examples employing this synthetic procedure are known. In the reported cases, the 
carbene ligand is usually part of a polydentate ligand, probably because in this way 
the obtained gold(III) complex is more stabilized (Scheme 1.13).44 
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Scheme 1.13: Synthesis of a gold(III) NHC complex by tranmetallation of the carbene ligand 
from a silver(I) complex. The gold(III) center is further stabilized by using a pincer ligand. 
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An interesting example was recently reported by Lu et al. and regards the transfer 
of the a tetracarbene ligand from a silver(I) NHC complex to a gold(III) center 
(Scheme 1.14),45 leading to the formation of the first stable mononuclear tetra-NHC 
gold(III) complex. 
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Scheme 1.14: Synthesis of a gold(III) tetra-NHC complex by the transmetalation reaction 
from a silver(I) tetra-NHC complex. 
 
1.3.4 The oxidative addition reaction 
Oxidative addition is the reaction used in this PhD research work to synthesize 
gold(III) di(NHC) complexes from the corresponding gold(I) di(NHC) complexes, but 
more generally it is a fundamental reaction in organometallic chemistry both in the 
synthesis of novel compounds as well as in catalysis.46 In most cases oxidative 
addition leads to the break of a bond in the oxidant molecule A-B and to the 
formation of two new bonds between the metal and the fragments A and B, which 
become two anionic ligands coordinated to the metal center (M-A and M-B) 
(Scheme 1.15). In the resulting complex the coordination number, the number of 
electrons and also the oxidation state of the metal are usually increased by two 
units. The opposite reaction of oxidative addition is the reductive elimination: an A-
B molecule is eliminated from the starting complex M(A)(B). 
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LnM  + A B
Oxidative addition
Reductive elimination
LnM
A
B
 oxidation number = +2
 coordination number = +2
 
Scheme 1.15: Oxidative addition/reductive elimination of a molecule A-B from a metal 
center. 
 
Oxidative addition reaction may proceed through different mechanisms, but the 
fundamental prerequisite in the starting complex is the presence of an electron rich 
metal center, able to transfer electrons on the empty * A-B orbital thus leading to 
the A-B bond break. Thus, the oxidative addition reaction is favored on metal 
centers characterized by a low oxidation state, rarely metal centers in an oxidation 
state higher than +II hold enough reducing character to be oxidized. For metal 
centers in high oxidation state, the inverse reaction, i.e. the reductive elimination, is 
usually favored. 
Nowadays, the literature contains several examples for the oxidative addition of 
halogens for the synthesis of gold(III) NHC complexes.47 Nevertheless the study of 
the involved mechanism is only at the beginning and many question are still 
unsolved. Recently Canovese et al. reported a kinetic study on the bromine 
oxidative addition to mononuclear monocationic gold(I) complexes of general 
formula [L-Au-L’](BF4) in which L is a N-heterocyclic carbene ligand and L’ is 2,6-
dimethylphenylisocyanide or a N-acyclic carbene.48 In this study the experimental 
data seem to indicate that the first step is the very fast quantitative formation of a 
bromine-complex adduct with a pseudo tetrahedral geometry (Scheme 1.16). 
 
L Au L' L Au
L'
Br
Br
L Au L'
Br
Br
+ +
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Scheme 1.16: Proposed mechanism for the oxidative addition of Br2 to a mononuclear 
gold(I) complex bearing to NHC ligands. 
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The formed intermediate rearranges in the rate determining step to afford the final 
product in which the two neutral ligands and the two bromide are mutually in trans. 
Moreover the value of the first order kinetic constant k1 is strongly influenced by 
the nature of the coordinated ligand L’, being two orders of magnitude higher with 
the more -donating acyclic diaminocarbene ligand than with isocyanide ligand. 
 
The oxidative addition reaction can have also technological applications in the field 
of energy transformation and storage. This reaction represents indeed the first step 
of the catalytic cycle that leads to the splitting of the halogenic acid HX molecule to 
its constituting elements (H2 and X2).
49 The HX splitting reaction is 
thermodynamically unfavourable (ΔG° = 131 kJ/mol for X = Cl and 103 kJ/mol for X = 
Br) and in principle may be driven by the solar energy, so representing a nice 
example of transformation of solar into chemical energy.49 
Nocera et al. reported the HCl oxidative addition to Ni(0) bis-carbene complexes 
and the successive reductive elimination of H2 and Cl2 (Scheme 1.17). However the 
low stability characterizing the species involved in the process made difficult the 
technological application of this reaction and to further extend this study on other 
nickel complexes.50 
 
N N
Ni(L)2  +  HCl
 > 295 nm
Ni(H)(Cl)(L)2 Ni(Cl)(L)2  +  1/2H2
L = IMes  
Scheme 1.17: Oxidative addition of HCl to a nickel(0) di(NHC) complex and following 
dihydrogen reductive elimination from the resulting Ni(II) complex. 
 
This reaction has been also reported for dinuclear homo- or heterobimetallic 
complexes (Rh(0)/Rh(II), Pt(III)/Pt(III), Rh(II)/Au(II));49 the possible general 
mechanism is shown in Figure 1.19 and it implies the oxidative addition of two 
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molecules of HX and reductive elimination of H2 and X2, where the last two steps 
generally require an external energy source, which may be light or heat. 
 
 
Figure 1.19: Possible mechanism for the splitting of HX catalyzed by dinuclear gold(I) 
complexes. 
 
Gold(I) centers appear very interesting as potential catalysts for this process, as the 
stability of +I and +III oxidation states is comparable, so making the reductive 
elimination step not too energy demanding, and in addition the stability of the gold-
hydrogen bond is relatively low. 
 
1.4 Applications for gold NHC complexes 
 
1.4.1 Chemotherapeutic agents 
Gold complexes as anticancer drugs were extensively investigated in the recent 
years,51 and in this field they represent the most promising alternative to platinum 
based medicines. This is related to the mechanism of action of these complexes 
inside the cells. Gold complexes act targeting the mitochondria membrane and/or 
inhibiting thioredoxin reductase, ultimately leading to mitochondria-induced 
apoptosis.52, 53 Pt drugs act differently targeting specific DNA sequences, as well 
recognized.54 The mitochondrial membrane permeability is a balance between the 
hydrophilic and lipophilic properties of gold complexes, and this can be tuned in 
principle acting on a proper functionalization of the NHC ligands.55 As recently 
reported by Huynh and coworkers both gold(I) and gold(III) complexes with NHC 
Chapter 1: INTRODUCTION 
41 
 
carbene ligands show in vitro cytotoxic activity comparable or even higher with 
respect to cisplatin against NCI-H1666 cell line (Figure 1.20 and Table 1.2).56 
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Figure 1.20: Gold(I) and gold(III) complexes with NHC ligands synthesized by Huynh et all.56 
 
Table 1.2: In vitro cytotoxic activity of the 
complexes synthesixed by Huynh et all.56 
Compound IC50 (μM) 
X >10 
XI 8.97 ± 0.87 
XII 0.284 ± 0.11 
XIII 2.35 ± 0.07 
XIV 0.241 ± 0.01 
XV >10 
XVI >10 
XVII 0.536 ± 0.19 
XVIII 1.46 ± 0.09 
XIX 0.210 ± 0.04 
Cis platin 2.51 ± 0.11 
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1.4.2 Metallomesogens 
Metallomesogens are metal complexes presenting a partially ordered mesophase, 
in other words metal containing liquid crystals.57 The interests for a molecular 
compound containing a metal center in its structure and behaving like a liquid 
crystal are broad.58 
Metals complexes are often characterized by coordination geometry not common in 
organic chemistry (mainly square planar, octahedral or tetrahedral) thus leading to 
liquid crystals with new shapes and therefore new properties. Moreover, many d-
block metal centers present by themselves interesting physical properties like colors 
or magnetic behavior, it could be then interesting to study a complex in which these 
characteristics are mixed with the physical properties of liquid crystals.59 
The basic requirement to have a metallomesogen is the presence of a rigid core 
rodlike or disklike shaped, usually containing the metal center, bearing several long 
hydrocarbons tails (Figure 1.21). 
 
N
N
R
R
Au N
N
R'
NO3
R = C12H25, C14H29, C16H33, C18H37
R' = CH3, C6H13, C12H35, C18H37
 
Figure 1.21: Mesomorphic Au(I) NHC complexes. When R’ = CH3 the only complex 
presenting liquid crystalline properties is the one with R = C18H37 while when R’ is a longer 
chain also the complexes with shorter chain as R group behave as liquid crystals. The 
presence of the chains serves both to enhance the anisotropy of the system and lower the 
otherwise high melting point of the core.60 
 
Another major requirement for metallomesogens, to find applications in new device 
technology, is the stability of the metal complex and the metal-ligand bond should 
be strong and inert; this can be accomplished with, for example, chelating ligands 
and the 5d metals.58 In this introduction the general properties of liquid crystals are 
not treated. Only few examples are reported because they can help in the 
understanding of the results reported in this work (Figure 1.21, Scheme 1.18). 
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NNH2n+1Cn NH2
O
Br i) Ag2O, CH3CN
   reflux, 24h
ii) [AuCl(SMe)2] 
    CH3CN, reflux, 1h NN
H2n+1Cn NH2
O
Au
NNH2n+1Cn NH2
O Br
NNH2n+1Cn NH2
O
Au
NNH2n+1Cn NH2
O X
n = 10, 12, 14, 16
AgX/CH3CN 
(X = BF4, NO3, PF6)
reflux, 5 min.
 
Scheme 1.18: Above the melting temperature these amido functionalized gold(I)-NHC 
complexes still assemble to form partially order mesophase. The PF6
- series of gold(I)-NHC 
complexes do not exhibit liquid crystal properties, possibly because of the large size of the 
anion that leads to weak coulombic interactions and fails to sustain the ions undergoing 
ordered motion.61 
 
1.4.3 Luminescent materials 
Luminescent metal complexes with relatively high emission quantum yields have 
attracted considerable attention as light emissive materials for the use in various 
molecular based devices. Focusing on gold complexes this type of application 
regards in particular Au(I) centers. Au(I) complexes with a d10 electronic 
configuration possess intense and long-lived photoluminescence. This behavior can 
be mostly attributed to the presence of an aurophilic interaction as already 
described in Section 1.3.2; this interaction can be exhibited either by gold(I) 
polynuclear compounds (Figure 1.22)62 and by mononuclear complexes stacked in 
the crystalline state (Figure 1.23).63 In these systems, the excitation and emission 
maxima mainly depend on the Au(I)-Au(I) distance. This unique optical property of 
the Au(I) complexes allows to modulate excitation and emission maxima by 
changing their environment around the Au(I)-Au(I) bond by, for example a proper 
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ligand functionalization. The biggest challenge for this type of materials is the right 
molecular design to maintain the high emission quantum yield and to modulate the 
wavelength of emission in order to obtain different emitting chromophores at 
various emission wavelengths (red, green and blue). 
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N
N
N
(Br)2
 
Figure 1.22: Dinuclear gold(I) di(NHC) luminescent complex. 
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Figure 1.23: Mononuclear gold(I) NHC luminescent complexes. 
 
1.4.4 Homogeneous Catalysis 
Gold(I) and gold(III) are electrophilic metal centers with a marked preference for 
coordination of unsaturated organic substrates containing multiple carbon-carbon 
bonds, in particular alkynes and allenes that are usually activated upon coordination 
towards the nucleophilic attack.64 The first catalytic application of gold N-
heterocyclic carbene complexes was reported by Hermann in 2003, who studied the 
hydration of alkynes (Scheme 1.19).65 
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Scheme 1.19: Hydration of 3-hexyne to 3-haxanone catalyzed by a gold(I) NHC complex. 
 
Successively, Nolan et al. has improved the reaction conditions, using both Au(I) and 
Au(III) NHC complexes.66 A reaction similar to the previous one is the amine 
addition to the alkynes that leads to the formation of imine and enamine. Che et al. 
reported the synthesis of 1,2-dihydroquinolines and quinolines from anilines and 
alkynes in a two steps gold catalyzed reaction (Scheme 1.20).67 
 
NH2
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+ R
(H)
N
R'
R
H
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R
H
N
R'
R
R
[AuCl(NHC)] (5 mol%)
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MeCN, mW, 150°C
R
hydroamination hydroarylation
R
 
Scheme 1.20: Synthesis of 1,2-dihydroquinolines from anilines and alkynes via a two steps 
hydroaminatio-hydroarylation procedure catalyzed by gold(I) NHC complexes. 
 
Another important class of gold catalyzed reactions involved the enynes that for 
example may react with an olefin to afford a double cyclopropanation product 
(Scheme 1.21).68 
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Scheme 1.21: Double enynes cyclopropanation catalyzed by gold(I) NHC complexes. 
 
As reviewed by Nolan, gold-NHC complexes revealed to be efficient catalysts in 
reactions like enyne cycloisomerization, hydroamination, hydroarylation and 
hydration and promising results were already obtained in reactions like 
polymerizations, aliphatic C-H bond activation, olefins hydrogenations and cross 
coupling. The success gained from gold catalysis is thus projected to increase as 
stated by the commercialization of the catalyst [AuCl(IPr)]. 
 
1.5 Aim of the research 
The present research project is focused on two of the most recent and appealing 
topics of organometallic chemistry: N-heterocyclic carbenes and gold complexes. 
As underlined in the previous sections, nowadays N-heterocyclic carbenes have 
become one of the most employed class of ligands in organometallic chemistry. 
Almost all metal centers give stable complexes with these ligands. Our preference 
for gold is based on a series of properties, which can be summarized as follows: 
 Gold has two almost equally stable oxidation states, +I and +III, 
characterized respectively by a [Xe]4f145d10 and [Xe]4f145d8 electronic 
configuration, and its involvement in catalytic redox cycles can thus be 
predicted. 
 Relativistic effects are very effective for gold giving unique properties to this 
metal center. 
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 The presence of aurophilic interaction in gold(I) compounds may confer 
interesting photoluminescence properties. 
 Gold complexes exhibit a specific electrophilic activation of multiple C-C 
bonds. 
 Gold(III) has the same electronic configuration (d8) and coordination 
geometry (square planar) of the well-studied and interesting palladium(II) 
and platinum(II). 
Several research groups are working on NHC gold complexes with particular 
emphasis on the synthesis and catalytic properties of gold(I) NHC complexes. Less 
examples are reported on NHC-gold(III) complexes partly because of their lower 
stability and of only a limited number of well-established synthetic procedures. 
Furthermore the number of reports on polycarbene gold(I) and especially gold(III) 
complexes is still limited. In this context the research group where this PhD is 
carried out has a long experience in the coordination chemistry of polycarbene 
ligands with particular reference to di(NHC) ligands.69 These last ones offer the 
possibility of finely tuning the electronic and steric properties of the metal center by 
a highly flexible ligand functionalization. 
 
N NR' Y
N N R'
R R R R
Bridging group
wingtip
substituents
wingtip
substituents
Peripheral functions
 
 
For these reasons, the first aim of this PhD project will be the synthesis of novel 
gold(I) complexes with different di(NHC) ligands, whose steric and electronic 
properties can be systematically modulated by changing: 
a) the nature of the bridge between the two carbene moieties (Y); simple aliphatic 
bridging groups as well as xylylene bridges will be used. We expect that the 
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different length and flexibility of the bridging group may influence the nuclearity of 
the obtained gold(I) complexes as well as their reactivity properties. 
b) the nature of the nitrogen substituents of the carbene donors (R’). 
c) the nature of the heterocyclic ring (for example imidazole, imidazoline, 
benzimidazole). 
The properties of the gold(I) di(N-heterocyclic carbene) complexes will be 
investigated with particular reference to their photophysical properties. The 
relation between the structure of the gold(I) complexes and their properties and 
reactivity will also investigated. The use of di(NHC) ligands may in principle lead to 
the formation of stable gold(III) complexes and to a reevaluation of this oxidation 
state for gold today less studied for the high tendency of gold(III) centers to 
reduction. 
The second main aim of this work is thus the optimization of a synthetic procedure 
to obtain novel stable gold(III) complexes with di(N-heterocyclic carbene) ligands. 
The used synthetic approach for the synthesis of the gold(III) complexes is the 
oxidative addition of halogens to gold(I) complexes because as reported in the 
introduction this reaction is thermodynamically favored and is driven by the 
breakage of a weak halogen-halogen bond and the formation of two stronger gold-
halogen bonds. 
 
+ X X
Oxidative addition
Au
 Ox number. = +2
 Coord. number = +2
Au
L
L
L
X L
X
+ +
 
 
Chapter 2: RESULTS AND DISCUSSION 
 
49 
 
 
 
 
Chapter 2: RESULTS AND DISCUSSION 
 
SYNTHESIS AND CHARACTERIZATION OF THE GOLD(I) di(NHC) 
COMPLEXES 1-14 
 
2.1 Synthesis of the gold(I) di(NHC) complexes 1-8 
Gold(I) di(NHC) complexes (1-Br)-(8-Br) were synthesized upon direct metalation of 
the diimidazolium precursors H2L
1-H2L
8 following the experimental procedure 
already reported by Baker and Hemmert.28,41,63 The gold(I) precursor AuCl(SMe2) 
reacts indeed with H2L
1-H2L
8 in the presence of a mild base (NaOAc) in N,N’-
dimethylformamide at high temperature (120 °C) to afford the corresponding 
dinuclear gold(I) di(NHC) complexes (1-Br)-(8-Br). Subsequent anion metathesis 
with KPF6 in methanol/water solution leads to the formation of the 
bis(hexafluorophosphate) derivatives 1-8 (Scheme 2.1). 
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Chart 2.1: Di(NHC) ligands employed in this work. 
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Scheme 2.1: Synthesis of the gold(I) di(NHC) complexes 1-8. 
 
In the 1H NMR spectra of complexes 1-8 the lack of the signal for the proton in the 
2-position of the heterocycles suggests the deprotonation of the diimidazolium salt; 
the formation of the di(NHC) complexes is confirmed in the 13C{1H} NMR spectra by 
the carbene carbon signals around 185 ppm, in the range expected for a carbene 
carbon coordinated to a gold(I) center.28, 41, 63 Finally the low number of signals in 
both the 1H and 13C{1H} NMR spectra of 1-8 indicates the formation of a single 
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product characterized by a highly symmetric structure. For complexes 2 and 3 it was 
possible to obtain crystals suitable for X-ray structure determinations upon slow 
diffusion (ca. two weeks) of diethyl ether into an acetonitrile solution of the proper 
gold(I) di(NHC) complex. 
The structure of 2 shows a dinuclear dicationic gold(I) complex in which the two 
gold(I) centers are linked by two bridging di(NHC) ligands. The ORTEP view of the 
cationic complex 2 is reported in Figure 2.1, together with a list of the most 
important bond distances and angles. The structure is highly symmetric, being 
obtained by inversion over a center generated by intersection between a two fold 
axis passing through the mid point of the C-C ethylic bridge and the mirror plane 
perpendicular to the fold axis and passing through the gold atoms. Each gold atom 
is linearly dicoordinated as expected for a heavy metal center in a d10 electronic 
configuration; the angle Ccarbene-Au-Ccarbene is quite linear (177.33(1)°), the bond 
distance Au-Ccarbene (2.017(4) Å) is comparable with those reported for analogous 
bis(NHC) gold(I) complexes.28, 41, 63 The Au∙∙∙Au intramolecular distance is 5.535(2) Å 
and indicates the absence of aurophilic interaction (range of Au···Au distance for 
aurophilic interactions 2.8 – 3.5 Å). The heterocyclic rings coordinated to the same 
gold center lie on the same plane; the distance between the two coordination 
planes generated by the Au(NHC)2 units is 1.403 Å. 
 
 
Figure 2.1: ORTEP drawing of complex 2. Ellipsoids are drawn at their 30 % probability. 
Hydrogen atoms and PF6
- anions have been omitted for clarity. Selected bond distances (Å) 
and angles (°): C1-Au 2.017(4), C1-N1 1.348(4), C1-N2 1.341(5), Au∙∙∙Au’ 5.535(2); C1-Au-
C1’’’ 177.33(1), N2-C1-N1 104.99(3), N2-C1-Au 129.21(3), N1-C1-Au 125.79(2). 
’ = 1-x, y, 2-z; ’’ = 1-x, -y, 2-z; ’’’ = x, -y, z. 
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Figure 2.2: Crystal packing of complex 2 (view along b axis). Hydrogen atoms and PF6
- anions 
have been omitted for clarity. Au pink, N blue and C gray. 
 
In the crystal packing of 2, a π–π interaction between the imidazol-2-ylidene rings of 
two different dinuclear units is present as evidenced in Figure 2.2; this interaction 
runs along the crystallographic axis a. The distance between the two planes is 3.551 
Å, while the distance between the gold centers belonging to the cited planes is 
4.775(1) Å. 
 
As for complex 2, also the XRD analysis of complex 3 shows a dinuclear structure 
(Figure 2.3), in which the two gold(I) centers are linearly dicoordinated, as expected 
for a heavy metal center in d10 configuration. The bond angles Ccarbene-Au-Ccarbene are 
close to linearity (C1-Au1-C11 177.59(16)°) and the bond distances Au-Ccarbene 
(2.025(4) Å) are comparable with those reported for analogous bis(NHC) gold(I) 
complexes.28, 41, 63 
In this case, the relatively short intramolecular Au···Au distance (3.2722(5) Å) is 
indicative of the presence of aurophilic interactions (range of Au···Au distance for 
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aurophilic interactions 2.8 – 3.5 Å).32 Notably, the Au···Au distance is significantly 
shorter than the one observed for complex 2 (5.535(2) Å) bearing the ethylene 
bridge and also for complex 1 (3.5425(6) Ǻ) bearing the methylene bridge.28 
 
 
Figure 2.3: ORTEP drawing of complex 3. Ellipsoids are drawn at their 30 % probability. 
Hydrogen atoms and PF6
- anions have been omitted for clarity. Selected bond distances (Å) 
and angles (°): C1-Au 2.026(4), C1-N2 1.339(6), C1-N1 1.351(6), C11’-Au 2.023(4), C11-N4 
1.323(6), C11-N3 1.366(6), Au∙∙∙Au’ 3.2722(5); C1-Au-C11’ 177.59(16), N2-C1-N1 105.7(4), 
N2-C1-Au 128.1(3), N1-C1-Au 126.2(4), N4-C11-N3 105.5(4), N4-C11-Au 128.1(4), N3-C11-
Au 126.3(3). 
 
The dinuclear complex 3 is symmetric; one half of the structure is correlated with 
the other half by a two-fold axis. The propylenic linkers of the two bridging di(NHC) 
ligands are arranged on the same side with respect to the mean plane defined by 
the gold and the carbene carbon atoms. The dihedral angle between the mean 
planes of the two imidazol-2-ylidene rings of the same bridging ligand is 16.29(2)°; 
the mean planes of the two imidazol-2-ylidene rings coordinated to the same Au 
atom are also slightly twisted (dihedral angle 11.51(2)°). 
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Figure 2.4: Crystal packing of complex 3 (View along b axis). Hydrogen atoms and PF6
- 
anions have been omitted for clarity. Au pink, N blue and C gray. 
 
In the molecular packing, intermolecular π-π stacking interactions between the 
imidazol-2-ylidene rings of two dinuclear units are present (Figure 2.4); the 
centroid-centroid distance between the carbene rings is 3.814(4) Å. In the unit cell 
three dimeric units are present, arranged in a staggered way along the three-fold 
screw axis. This arrangement produces a channel (Figure 2.5) which brings the gold 
atoms of vicinal complexes to a distance of 3.720(2) Å. 
 
 
Figure 2.5: Crystal packing of complex 3. (View along c axis). Au pink, N blue, C gray, P 
orange and F yellow. 
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Gold(I) complexes characterized by a structure similar to complex 3 have been 
recently reported by Vicente and Hemmert.70, 71 In particular Vicente has reported a 
complex with the same metallamacrocyclic cationic part of 3 but with a different 
counteranion, OTf- (trifluoromethanesulfonate) instead of PF6
- (Figure 2.6). The 
different anion results in an appreciable variation of the solid state structure of the 
complex which adopts an helical chiral conformation leading to a very short gold(I)-
gold(I) intramolecular distance (3.0322(4) Å). 
 
 
Figure 2.6: ORTEP drawing of the gold(I) complex synthesized by Vicente.70 The complex is 
characterized by the same cationic part of complex 3 but it presents a different 
counteranion (OTf- instead of PF6
-). Hydrogen atoms and OTf- anions have been omitted for 
clarity. Au pink, N blue and C gray. 
 
As a variant the gold(I) complexes synthesized by Hemmert present in their 
structures di(NHC) ligands with the same propylene linker as complex 3 but 
different wingtip substituents (Chart 2.2). In the case of amide functionalized 
di(NHC) ligands the intramolecular gold(I)-gold(I) distances are very short (3.08 Å) 
indicating the presence of aurophilic interactions that are however supported by 
the hydrogen bonds between the amide moieties and the exogen anions (bromide 
or chloride). In the case of alcohol functionalized di(NHC) ligands the complexes 
adopt instead an extended structure with a large gold(I)-gold(I) distance (6.34 Å).71 
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Chart 2.2: One of the amide functionalized propylene bridged gold(I) di(NHC) complexes 
synthesized by Hemmert.71 
 
2.2 Luminescence properties of the gold(I) di(NHC) complexes 1-8 
Luminescence properties of the gold(I) di(NHC) complexes 1-8 were investigated 
both in solution and in the solid state in the frame of a collaboration with Dr. Nicola 
Armaroli and Dr. Gianluca Accorsi of the ISOF-CNR (Bologna). The absorption profile 
in acetonitrile solution (Figure 2.7) are centered in the UV spectral window (ca. 220-
320 nm) and the absorption may be ascribed to π–π* transitions centered on the 
ligands. Absorption maxima are characterized by a red shift with respect to those of 
the ligand precursors (H2L
1-H2L
8) as consequence of the perturbation induced by the 
coordination to the gold(I) centers.41 
 
Chapter 2: RESULTS AND DISCUSSION 
 
57 
 
 
Figure 2.7: Normalized absorption spectra of a) 1 (black), 2 (red), 3 (green) and b) 4 (blue), 5 
(orange), 6 (dark green), 8 (purple) in CH3CN. The emission profile (λexc = 250 nm, O.D. = 0.2) 
of 3 (Inset a) and 5 (Inset b) in acetonitrile are reported as the strongest emitters of the 
series under these conditions. 
 
All the gold(I) di(NHC) complexes are stable in acetonitrile solution over weeks and 
show a relatively week photoluminescence (Фem max 0.4%). Differently, in the solid 
state complexes 3, 4 and 5 show an enhanced emission intensity (Фem = 96%, 7.2% 
and 9.5% respectively) (Figure 2.8); the other complexes were not emissive at all. 
The corresponding emission life times are in the order of hundreds of nanoseconds 
(τ = 565, 132 and 770 ns respectively for 3, 4 and 5) (Figure 2.8, Inset). 
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Figure 2.8: Main window: Normalized emission (solid line, λexc = λmax) and excitation (dashed 
line, λem = λmax) spectra of 3 (black), 4 (blue), and 5 (red) in the solid state (as KBr disk) at RT. 
The corresponding lifetime decays are reported in the inset (full circle, λexc = λmax). 
 
Notably, whereas only one emission band is observed for complexes 3 and 4, in the 
case of complex 5 a marked shoulder is also found. Bimodal emissions have been 
already observed with other gold(I)-NHC complexes and tentatively attributed to 
the simultaneous presence of LC and MC emissions.41 Incidentally, complex 5 is the 
only emitting complex among those described herein which contains an aromatic 
ring in the ligand backbone. 
Diimidazolium salts H2L
1-H2L
8 (di(NHC) precursors) did not show any emission; on 
the basis of this result it is possible to exclude the hypothesis that the π–π* 
transitions centered on the ligands are involved in the emission process. Moreover 
the long emission life times obtained for the gold(I) di(NHC) complexes in the solid 
state are consistent with an aurophilic interaction mediated process.35 
The emission properties at low temperature (CH3CN rigid matrix) have been also 
investigated and the emission profiles of 3 and 5 are reported in Figure 2.9 (with 
the other samples weak or no emission could be detected). Remarkably, the 
emission maxima of the complexes show differences upon changing the 
experimental environment. For instance, 3 exhibits peaks at 374, 450, and 488 nm 
in CH3CN, RT solid state and 77 K rigid matrix, respectively. Such effect, given the 
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absence of any LC luminescence by the salt precursors, might be related to a tuning 
of the Au···Au distance under different conditions (for example, in the crystalline 
state, the Au···Au distance is 3.2758(5) Å at RT and 3.2722(2) Å at 173 K). 
 
 
Figure 2.9: Emission spectra of 3 (black) and 5 (gray) in rigid matrix (CH3CN) at 77 K, λexc = 
λmax. 
 
The exceptional quantum yield observed with 3 in the solid state can be attributed 
to the peculiar arrangement of the molecules in the crystal, as it was the case with 
previously reported gold(I) carbene complexes,62 or to a molecular property of 3. 
Basically the same luminescence is exhibited by a sample of 3 both as a crystalline 
solid and as a powder. However, XRD analysis of the powder yields a pattern fully 
interpretable with microcrystalline 3. Therefore, although the use of single crystals 
is not necessary for achieving high emissions with 3, additional investigations are 
needed to discriminate between the two hypotheses listed above. 
The dinuclear gold(I) complex with the amide functionalized di(NHC) ligand 
reported by Hemmert (Chart 2.2) shows solid state emission profiles similar to 
complex 3 (λem = 450 nm). In this case however both the diimidazolium precursor 
and the gold(I) complex are luminescent indicating a ligand centered transition.71 
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To shed light on the nature of the transitions observed in the UV/vis spectra for the 
best emitting complex 3, TDDFT calculations were performed in collaboration with 
Prof. Cavallo (University of Salerno). At first, geometry optimization of the ground 
state as well as of the first singlet excited state of 3 in CH3CN were performed. In 
the ground state the optimized Au···Au distance is 3.35 Å, in good agreement with 
the experimental value of 3.27 Å. In the first excited state the Au···Au distance is 
predicted to be remarkably shorter, 2.80 Å. The Mayer bond order 72 between the 
Au centers increases from 0.17 in the ground state to 0.42 in the first excited state. 
Although it is difficult to know the accuracy of this prediction,73 the extent of the 
reduction of the Au···Au distance, roughly 0.5 Å, and the corresponding increase in 
the Mayer bond order, roughly 0.2, are large enough to support the hypothesis of a 
sizable increase of the Au···Au interaction in the first excited state. TDDFT 
calculations on the ground state optimized geometry indicate for complex 3 two 
intense bands at 277 and 252 nm, in good agreement with the experimental broad 
absorption band at roughly 260 nm. The former band involves a transition from the 
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO), with the HOMO essentially centered on the Au atoms (64%), while 
the LUMO is essentially centered on the Au (36%) and carbene C atoms (32%) 
(Figure 2.10). The band at 252 nm involves a HOMO-2 to LUMO transition, with the 
HOMO-2 showing a small participation of the Au atoms (16%). TDDFT calculations 
on the first singlet excited state optimized geometry indicate a single intense band 
at 344 nm, in good agreement with the experimental emission band at roughly 360 
nm, involving the HOMO and the LUMO. The shift of roughly 70 nm of the emission 
band from the excitation bands at 252 and 277 nm is in reasonable agreement with 
the experimental shift of the band of 3 from roughly 260 nm in the absorption 
spectra to roughly 360 nm in the emission spectra. Finally, we also investigated the 
possibility that the multiplicity of the emitting state is triplet rather than singlet; in 
this case, a spin-forbidden band is calculated at 402 nm, which results in the rather 
large deviation of roughly 40 nm from the experimental value. These combined 
theoretical data, however, do not unequivocally allow the assignment of the 
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multiplicity of the emitting state; this is particularly true considering the dinuclear 
structure of the complexes, the nature of the metal center, and their mutual 
interaction. 
 
 
HOMO 
 
LUMO 
Figure 2.10: Highest occupied and lowest unoccupied molecular orbitals (HOMO and 
LUMO) of 3. 
 
As already underlined complex 3 resulted to be the best emitting complex, with an 
almost unitary quantum yield of emission. In order to further investigate the 
relation between the ligand structure and the emission properties a series of 
propylene bridge gold(I) di(NHC) complexes (P1-P4) have been prepared and 
photophisically characterized in a research work parallel to this PhD thesis. The 
structures of the complexes are reported in Chart 2.3. 
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Chart 2.3: Propylene bridged gold(I) di(NHC) complexes P1-P4 prepared in a research work 
parallel to this PhD thesis. 
 
The photophysical properties of complexes P1-P4 were investigated in the solid 
state at room temperature (Table 2.1) since they were previously shown to be non-
emitters, or only very weak emitters, in solution, as previously observed for 
complexes 1-8. 
 
Table 2.1: Photophysical data of the investigated propylene bridged gold(I) di(NHC) 
complexes in solid state (as powder) at room temperature. 
Complex λmax (nm)
a Φ (%)a τ(μs)b Au···Au distance (Å) 
P1 480 7.0 0.38 6.82 
P2 400 ; 470 <1 0.4 ; 1.8 3.08 
P3 450 2.5 0.25 - 
P4 500 9.6 2.5 - 
3 450 96 0.56 3.27 
a λexc = 350 nm; 
b λexc = 331 nm 
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Figure 2.11: Excitation (dash line) and emission spectra of gold(I) complexes in the solid 
state (as powder): P1 (red), P2 (blu), P3 (black) and P4 (green). 
 
The excitation spectra of P1, P2 and P4 (that of P3 was not recorded, (Figure 2.11), 
which fall in the spectral window between ca. 250 and 400 nm, can be attributed to 
π−π* ligand-centered (LC) transitions. All the samples emit in the blue (ca. 400 nm) 
to blue-greenish (ca. 500 nm) spectral range with appreciable intensities (Φem up to 
≈ 10%, Table 2.1), although one order of magnitude weaker than that of 3. 
According to the aurophilic interaction model,35 such differences can be ascribed to 
several factors (sample geometry, π-π crystal stacking, origin of the emitting state, 
etc…) and an in depth rationalization of the link between the chemical structure and 
the optical properties has not been provided yet. Nevertheless, the intramolecular 
gold-gold distance, which is closely related to the chemical structure of the 
coordinating ligands, represents one of the main involved issues. To a first insight it 
appears that there is a sort of magic Au-Au distance value leading to the highest 
PLQY. For instance, the comparison between P1 (6.82 Å, Φ = 7%) and 3 (3.27 Å, Φ 
96%), showing large difference in PL performances, would indicate that the smaller 
the Au-Au distance, the higher the PLQY. On the other hand, for complex P2, 
characterized by the smallest gold-gold distance (3.08 Å) of the series, a low 
emission quantum yield (below 1%) has been revealed. Furthermore, unlike the 
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other complexes, P2 shows a structured emission (λmax = 400 and 470 nm) with a 
biexponential lifetime decay. From the emission profile of the corresponding ligand 
precursor, it clearly results that the highest energy band of this complex is of LC 
nature, whereas that centered at 470 nm can be attributed to the metal-centered 
(MC) emission.41 
A spectral fingerprint linked to an additional factor influencing the PL performances 
can be found by comparing the emission features of complex 3 with those of P4. A 
red shift (from 450 to 500 nm) and a  5 times longer lifetime decay were detected 
for the latter sample. Reasonably, the different electron donor character of the two 
heterocyclic rings (imidazolin-2-ylidene vs. imidazol-2-ylidene) represents an 
additional factor influencing the optical properties of the corresponding Au(I) 
complexes. Thus, all the experimental data herein presented indicate that the 
photoluminescence properties of the Au(I) complexes are influenced by a 
multiplicity of geometrical and electronic factors mainly determined by the choice 
of the coordinating ligands.  
 
2.3 Electrochemical characterization of the gold(I) di(NHC) complexes 1-8 and P1-
P4 
The redox properties of gold(I) di(NHC) complexes 1-8, P1, P2 and P4 were 
investigated by cyclic voltammetry during this PhD study; the work was performed 
in collaboration with Dr. A. Ahmed Isse and Prof. A. Gennaro (University of Padova). 
Complex P3 was not taken into consideration because of its scarce solubility in the 
electrochemical experimental conditions. In CH3CN containing 0.1 M n-Bu4NPF6 as 
background electrolyte, most of these complexes do not show anodic peaks 
attributable to the oxidation of gold(I) to gold(II) or gold(III), whilst all of them show 
well defined cathodic peaks representing the reduction of gold(I) to gold(0). Typical 
cyclic voltammograms of some complexes are reported in Figure 2.12. Complexes 
P1, P2, P4 and 3 show a fully reversible peak couple in the whole range of 
investigated scan rates (υ = 0.04 – 20 Vs-1). Conversely, for compounds 1, 2, 5, 6 and 
8 an irreversible or a partially reversible reduction peak is observed at low scan 
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rates, but in all cases full reversibility is gained at high scan rates. An example of the 
effect of scan rate on the voltammetric response of this group of complexes is 
illustrated in Figure 2.13 for 1. At low scan rates, a small anodic peak, which can be 
attributed to decomposition products of unstable species involved in the reduction 
process, is observed at around -1.20 V. Increasing the scan rate, this anodic peak 
decreases and eventually disappears when full reversibility of the reduction process 
is gained. A similar behavior has been observed for several other complexes, but the 
nature of the decomposition process was not further investigated.  
 
 
Figure 2.12: Cyclic voltammetry of some Au(I) complexes in CH3CN + 0.1 M n-Bu4NPF6 at υ = 
0.2 Vs-1 and T = 25 °C. 
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Figure 2.13: Cyclic voltammetry of 1 (1 mM) in CH3CN + 0.1 M n-Bu4NPF6 at different scan 
rates; T = 25 °C. 
 
The redox behavior of molecules containing multiple, chemically equivalent redox 
centers is well documented in the literature.74 In the simplest case, when the redox 
centers in the molecule are only two, as in the case of dinuclear metal complexes, 
one or two separated peak couples are observed in cyclic voltammetry, depending 
on the difference between the standard potentials of the first and second electron 
transfers. The redox reactions that occur in the case of Au(I)-Au(I) complexes are: 
 
Au(I)-Au(I)   +  e-        Au(0)-Au(I)              E°1     (1) 
Au(0)-Au(I)  +  e-        Au(0)-Au(0)             E°2     (2) 
 
The mixed-valence Au(0)-Au(I) species can undergo disproportionation to the fully 
oxidized and fully reduced species 
 
2 Au(0)-Au(I)        Au(0)-Au(0)  +  Au(I)-Au(I)     (3) 
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and the equilibrium constant, Kdisp, is given by 
 
 



 o2
o
1disp exp EE
RT
F
K         (4) 
 
If E°1 < E°2, Kdisp > 1 and a single two-electron peak couple can be observed because 
the second electron transfer is easier than the first one. Likewise, a single peak 
couple representing two merged one-electron transfers is observed if E°1 ≈ E°2. Two 
well separated peak couples can be observed only if E°2 is significantly more 
negative than E°1. In such a case Kdisp << 1 and the mixed valence species is stable 
against disproportionation. The difference between E°1 and E°2, is related to the 
interaction between the two metal centers: the higher the electronic 
communication between the redox centers, the greater the separation between 
their standard potentials. A single peak couple is observed when there is no 
interaction between the redox centers, whereas a weak interaction causes splitting 
into two closely separated peak couples. 
 
 
Figure 2.14: Normalized cathodic peak current as a function of scan rate; Ip from 
voltammograms recorded in CH3CN + 0.1 M n-Bu4NPF6 at a GC electrode at 25 °C. 
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It is important to note that although all complexes contain two equivalent metal 
centers, they show only one redox couple at T = 25 °C (Figures 2.12 and 2.13). To 
check whether one or two electrons are involved in the reduction process, complex 
P1 was electrolyzed at -1.80 V vs SCE (see Figure 2.12). Exhaustive electrolysis on 
this compound has shown a charge consumption of 2e-/molecule, clearly indicating 
that both metal centers are involved in the reduction process. The electron 
stoichiometry of the redox process of the other complexes of the series was 
evaluated by comparing the cathodic peak currents, Ip, measured under reversible 
conditions with that of P1. Ip of a reversible redox process is given by
75 
 
1/21/2
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where n is the number of electrons exchanged in the redox process, C and D are the 
bulk concentration of the redox species and its diffusion coefficient, respectively, 
and A is the area of the electrode. If Ip is normalized for A, C, υ and D, then it will 
depend only on n, and if n = 2 for all complexes as in the case of P1 and 1, 
Ip/ACD
1/2υ1/2 should be constant for the whole series, within experimental error. 
Since P1-P4 and 1-8 are all structurally similar complexes, D may be assumed to be 
roughly constant for the whole series. In addition, A is constant because all 
experiments were carried out on the same glassy carbon disc. Thus, Ip/Cυ
1/2 was 
calculated for each complex in the range of scan rates in which it gives a reversible 
peak couple. Plots of Ip/Cυ
1/2 versus υ1/2 are reported in Figure 2.14. The data are 
scattered around an average value of Ip/Cυ
1/2 = (5.9  0.4) ∙ 10−2 A mol−1dm3V−1/2s1/2, 
with variations below 20%, which can be well accounted for by variations of D, 
assumed to be constant in this analysis. Note that if n were 1 for some complexes 
and 2 for others, at least 2-fold variations of Ip/Cυ
1/2 would have been observed. 
Therefore, in all complexes both metal centers undergo 1e- reduction to gold(0). 
The electrochemical properties of the gold(I) complexes have been investigated also 
at low temperatures, in particular at 0, -20 and -40 °C. The low temperature should 
slow down possible decompositive pathways of the electrogenerated Au(0) species. 
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As expected, at temperatures lower than 25 °C, the reversibility of the peak couple 
for the Au(I)/Au(0) redox couple could be observed at lower scan rates. 
 
Figure 2.15: Cyclic voltammetry of 1 mM 3 recorded in CH3CN + 0.1 M n-Bu4NPF6 at 
υ = 0.2 Vs-1 at different temperatures. 
 
A more interesting effect is observed for the complexes with the propylene bridge 
P1, P2, P4, 3 and for the xylylene-bridged complexes 5 and 6. For all these 
complexes in fact, lowering the temperature causes a splitting of the Au(I)/Au(0) 
peak couple into two separate peak couples that can be assigned to reactions (1) 
and (2); an example is reported for 3 in Figure 2.15. This is a further and decisive 
evidence that both metal centers are involved in the redox process. The appearance 
of peak splitting points out an interaction between the two metal centers. The 
electronic communication between the two Au atoms shifts the standard potential 
of the second electron transfer to more negative potentials with respect to the first 
reduction step. However, the separation between the two peak couples is quite 
small implying that the difference between the standard potentials, ∆E°, of the 
redox couples Au(I)-Au(I)/Au(0)-Au(I) and Au(0)-Au(I)/Au(0)-Au(0) is small (∆E° is 
even smaller for the other complexes). Therefore, the two gold centers in these 
complexes are able to give rise to a very weak interaction. Similar weak interactions 
in dinuclear Au-Au complexes have been previously reported.76 
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All experimental observations regarding the study of the electrochemical properties 
of the gold(I) complexes at different scan rates and temperatures are in agreement 
with the reduction mechanism shown in Scheme 2.2. 
Mixed valence Au(I)-Au(0) as well as Au(0)-Au(0) complexes are unstable in solution, 
decomposing to unidentified products (for example via a reorganization of the 
dinuclear structure); mixed valence complexes can also undergo disproportionation. 
At low temperatures the lifetimes of all transient species in solution increase as 
evidenced by the increasing reversibility of the peak couple as the temperature is 
lowered. The splitting of the single peak couple into two peak couples at low 
temperatures also reflects increased stability of the mixed valence complexes Au(I)-
Au(0). Some voltammetric data obtained for the reduction of all complexes at 25 °C 
are collected in Table 2.2. At 25 °C no peak splitting was observed for any one of the 
complexes. Therefore, the characteristics of the observed single peak couple are 
reported in the Table. For each compound the cathodic and anodic peak potentials, 
Epc and Epa, respectively, measured at low, moderate and high scan rates are 
reported. As can be seen, several complexes do not present an anodic peak at low 
scan rates because of the instability of the reduced species. E1/2 was calculated as 
the mid-point between the cathodic and anodic peak potentials, i.e. E1/2 = (Epc + 
Epa)/2, when fully reversible peak couple could be observed and the reported values 
are the average of the values measured at different scan rates. As we have seen 
previously the complexes undergo two consecutive electron transfers with similar 
E° values. E1/2 measured by cyclic voltammetry is often used as an estimate of the 
standard potential of a redox process. In the present case, however, the measured 
value cannot be identified as either E°1 or E°2. Considering that for all the 
investigated complexes E°1 ≈ E°2, the measured E1/2 can be approximated to the 
single E° values or to their average value.  
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Table 2.2: Electrochemical properties of the gold(I) complexes P1-P4 and 1-8. 
Complex E1/2 (V/SCE) Scan rate (Vs
-1) Epc (V/SCE) Epa (V/SCE) 
P1 -1.66 0.2 -1.70 -1.61 
  1 -1.71 -1.60 
  10 -1.72 -1.59 
P2 -1.87 0.2 -1.92 -1.81 
  1 -1.92 -1.80 
  10 -1.96 -1.80 
P4 -2.06 0.2 -2.10 -2.02 
  1 -2.10 -2.02 
  10 -2.12 -2.01 
1 -2.03 0.2 -2.08 - 
  1 -2.06 -1.99 
  10 -2.08 -1.97 
2 -2.28 0.2 -2.31 - 
  1 -2.32 - 
  10 -2.35 -2.23 
3 -2.24 0.2 -2.30 -2.18 
  1 -2.30 -2.18 
  10 -2.30 -2.18 
5 -2.16 0.2 -2.21 - 
  1 -2.21 -2.10 
  10 -2.20 -2.12 
6 -2.19 0.2 -2.24 - 
  1 -2.23 -2.15 
  10 -2.24 -2.15 
8 -2.21 0.2 -2.25 - 
  1 -2.26 -2.15 
  10 -2.25 -2.18 
Cyclic voltammetries of the gold(I) complexes (1.0 mM) were carried out in CH3CN using n-
Bu4PF6 (0.1 M) as supporting electrolyte, under nitrogen atmosphere at 25 °C. 
 
Chapter 2: RESULTS AND DISCUSSION 
 
72 
 
N NR
Y N N R
NN RYNNR
Au(I) Au(I)
2+
N NR
Y N N R
NN RYNNR
Au(I) Au(0)
+
+ e-
- e-
+ e-- e-
N NR
Y N N R
NN RYNNR
Au(0) Au(0)
 
Scheme 2.2: Proposed mechanism for the redox process involving the couple Au(I)/Au(0). 
 
The half-wave potentials, E1/2, of the various gold(I) complexes vary from -1.65 to  
-2.28 V vs SCE, laying in the same range of potentials reported for other dinuclear 
gold(I) complexes with NHC ligands.41 E1/2 can be correlated to the electron density 
present on the metal centers, the most negative potentials corresponding to the 
highest electron density on the metal. The nature of the heterocyclic ring 
significantly affects the electron density at the metal center; examining the E1/2 
values of the propylene-bridged complexes P1, P2, P4 and 3, it is possible to 
conclude that the electron density present on gold(I) decreases in the following 
order: P1 < P2 < P4 < 3. The trend for complexes P1, P2 and 3 perfectly matches the 
assumption that the benzimidazolylidene ligand is less electron donating than the 
imidazolylidene one,77 as a consequence of a more extensive electron delocalization 
in the condensed aromatic ring. Based on the position of complex P4, it appears 
that the imidazolylidene moiety is a stronger electron donor ligand than the 
saturated analogue. This result is rather surprising, because saturated NHCs are 
commonly considered better donor ligands than the unsaturated ones. However, 
the same anomaly has been observed in some cases with ruthenium(II)78 and 
nickel(0)79 N-heterocylic carbene complexes. Complexes 1 and 8, which have the 
same methylene bridge but different wingtip substituents (a methyl group in the 
case of 1 and cyclohexyl one in 8) have two reduction potentials which differ by 
Chapter 2: RESULTS AND DISCUSSION 
 
73 
 
approximately 0.20 V; it may be concluded that the cyclohexyl groups make the 
heterocyclic rings more electron rich than the methyl ones and the same 
phenomenon has been already observed in palladium(II) complexes with the same 
di(NHC) ligands.69c The nature of the bridge between the carbene units does not 
influence significantly the electron density on the metal centers: in complexes 2, 3, 
5 and 6 the values of E1/2 are indeed very similar. 
The stability of the reduced species Au(I)-Au(0) and Au(0)-Au(0) is significantly 
affected by the nature of the ligand. In fact, while the redox process is almost 
reversible for the propylene bridged di(NHC) complexes P1, P2, P4 and 3, even at 
low scan rate (0.2 V/s), for the other complexes the anodic re-oxidation peak is 
present only at high scan rates (≥ 1 V/s). The former complexes show also peak 
splitting into two reversible couples at low temperatures, indicating some stability 
of the mixed valence Au(I)-Au(0) complexes. A weak aurophilic interaction in 
solution, although less strong than the one present in the solid state, could stabilize 
the species, thus making the process more redox reversible in the case of propylene 
bridged complexes. 
The whole of the reported results further evidence the important role played by the 
bridge between the carbene moieties in determining the properties and reactivity 
of the dinuclear di(NHC) Au(I) complexes. The clear identification of two reduction 
signals in the voltammetric measurements of the complex with the propylene linker 
between the NHC donors is an indication of Au⋯Au interactions. On the other 
hand, the photoluminescence properties of the Au(I) complexes are influenced not 
only by the Au⋯Au interaction but also by a multiplicity of geometrical and 
electronic factors (π–π crystal stacking, the origin of the emitting state, etc.), so that 
the presence of a propylene bridge should be considered only as a useful requisite. 
Apparently, the propylene linker has the right length and flexibility to allow the 
establishment of aurophilic interactions between the two metal centers. For this 
reason it has been used in the design of the long chain wingtip substituents di(NHC) 
ligands as well as of the CuCAAC functionalized di(NHC) ligands (see Chapter 4). 
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2.4 Synthesis of the di(NHC) ligand precursors with long chain wingtip substituents 
H2L
9–H2L
14 
Compounds H2L
9–H2L
13 were obtained in a four steps procedure (Scheme 2.3). The 
first three steps regard the synthesis of the functionalized benzyl bromide, following 
a procedure already described in the literature.80a Finally, quaternization of the 1,3-
di(1H-imidazol-1-yl)propane nitrogen atoms by reaction with benzylbromide 
derivatives affords the corresponding diimidazolium salts H2L
9–H2L
13 in good yields, 
all of which were characterized by 1H and 13C{1H} NMR spectroscopy. 
 
(Br)2
N N N N
OCnH2n+1H2n+1CnO
O
O
HO
+CnH2n+1Br O
O
H2n+1CnO
O
O
H2n+1CnO
OH
H2n+1CnO
OH
H2n+1CnO
Br
H2n+1CnO
Br
H2n+1CnO
NN N N
+
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16h
LiAlH4 1M in THF 
(1eq.)
THF, RT, 16h
PBr3 1M in DCM 
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(2eq.)
CH3CN
75°C, 16h
(1.2eq.)
H2L
9 n = 8 (62%); H2L
10 n = 10; (56%) 
H2L
11 n = 12 (73%); H2L
12 n = 14 (33%); 
H2L
13 n = 16 (54%)
Scheme 2.3: Synthesis of the diimidazolium salts H2L
9-H2L
13. The 1,3-di(1H-imidazol-1-
yl)propane building block used in the 4th step was prepared as reported in literature.80b 
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Diimidazolium salts H2L
14 and H2L
15 were prepared with the same synthetic 
procedure but starting respectively from methyl 3,4-dihydroxybenzoate and methyl 
3,4,5-trihydroxybenzoate instead of methyl 4-hydroxybenzoate (Chart 2.4). 
 
N N N N
OC12H25C12H25O
(Br)2
C12H25O OC12H25
H2L
15 (74%)
N N N N
OC12H25C12H25O
(Br)2
C12H25O OC12H25
H2L
14 (81%)
OC12H25 OC12H25
 
Chart 2.4: Structures of the diimidazolium salts H2L
14 and H2L
15. The synthetic way to obtain 
these compounds is the same used for H2L
9 - H2L
13 (Scheme 2.3). 
 
2.5 Synthesis of the gold(I) di(NHC) complexes with long chain wingtip 
substituents (9-Br)-(14-Br), 9-14 and (9-BF4)-(14-BF4). 
Gold(I) carbene complexes (9-Br)–(14-Br) were obtained by deprotonation of the 
azolium salts H2L
9-H2L
14 with a mild base (NaOAc) in the presence of AuCl(SMe2) as 
gold precursor. 
The final anion metathesis step with KPF6 or KBF4 allows to isolate pure products 
(the first deprotonation step could give products with scrambled Br-/Cl- anion 
composition) 9–14 and (9-BF4)–(14-BF4). Gold(I) complexes with four aliphatic 
chains are moderately soluble in DMSO and CHCl3, complexes with eight aliphatic 
chains (14 and 14-BF4) are not soluble in DMSO but are highly soluble in CHCl3. A 
schematic representation of the synthesis of all these gold(I) di(NHC) complexes is 
given in Scheme 2.4. In the 1H NMR spectra of the obtained products the 
disappearance of the C2-H signal is indicative of the deprotonation of the 
imidazolium salt (Figure 2.16). The formation of the carbene complex is confirmed 
by the signal of the carbene carbon around 180 ppm, in the typical range of C2 
coordinated to a gold(I) center. The dinuclear structure of the di(NHC) complexes 
has been confirmed by mass spectrometry measurement (ESI-MS) which show the 
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peaks relative to the [Au2(di(NHC))2X]
+ (X = PF6
- for 9–14, BF4
- for (9-BF4)–(14-BF4)) 
and [Au2(di(NHC))2]
2+ fragments. 
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Scheme 2.4: Synthesis of the gold(I) complexes (9-Br)–(14-Br), 9-14 and (9-BF4)-(14-BF4) 
(yields in parentheses). 
 
In the case of proligand H2L
15 (the one with six aliphatic chains, Chart 2.4), the 
experimental conditions reported in Scheme 2.4 did not afford the desired gold(I) 
di(NHC) complex, but reduction of the gold(I) precursor AuCl(SMe2) to colloidal 
gold(0) is instead observed. As the number of aliphatic chains present in the 
structure of the diimidazolium salts increase their solubility in the reaction solvent 
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(DMF) decrease. Compound H2L
15 has a low solubility in DMF even at 120°C and this 
prevents the formation of the complex. 
 
 
Figure 2.16: 1H NMR spectra of compound H2L
12 (above) and the corresponding gold(I) 
di(NHC) complex 12 (below) in CDCl3. 
ppm 1.73.35.06.78.310.0
ppm 1.73.35.06.78.310.0
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2.6 Preliminary results on the thermal properties of the complexes with long-
chain wingtip substituents 
The thermal properties of the diimidazolium salts H2L
9, H2L
10, H2L
11-PF6 (H2L
11 with a 
PF6
- anion instead of Br-), H2L
14 and of the corresponding gold(I) di(NHC) complexes 
((9-Br)-(14-Br), 9-14 and (9-BF4)-(14-BF4)) have been examined by 
thermogravimetric analysis (TGA), diifferential scanning calorimetry (DSC), polarized 
optical microscopy (POM) and X-ray diffraction (XRD). Both the diimidazolium salts 
and all the gold(I) di(NHC) complexes are stable up to 200°C. This result is in 
agreement with the high strength and inertness characterizing the Au-NHC bond in 
this type of complexes and suggests that their decomposition is a consequence of 
the decomposition of the organic part (the ligand) rather than the dissociation of 
the carbene moieties from the gold centers. 
 
2.6.1 Polymorphism from the combination of POM, DSC and XRD analysis 
 
Diimidazolium salts H2L
9, H2L
10, H2L
11-PF6, H2L
13 and H2L
14. 
The carbene ligand precursors are soft fine-crystalline powders in the pristine state 
and melt to a fluid mesophase, maintained until decomposition around 200°C 
(Table 2.3). POM textures include oily strips, homeotropic zones and strongly 
birefringent zones, from which the mesophase was readily identified as smectic 
phase, likely a smectic A phase (Figures 2.17). This assignment was clearly 
confirmed by XRD patterns. The small-angle region of patterns contains two sharps 
reflections in the spacing ratio 1:2 that correspond to the first and second order 
reflections of a lamellar period, whilst the wide-angle region consists in a broad 
scattering halo from lateral distances between molten chains and between 
mesogenic units (Figure 2.18). 
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Figure 2.17: From left to right: POM textures of H2L
9 at 100°C, H2L
10 at 100°C, H2L
11-PF6 at 
125°C, H2L
13 at 100°C and H2L
14 at 100°C. 
 
 
Figure 2.18: XRD pattern of the Liquid-crystalline phase of diimidazolium salt H2L
9. 
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Table 2.3: Phase-transition temperatures (°C) for compounds H2L
9, H2L
10, H2L
11-PF6, 
H2L
13, H2L
14. 
Compound Phase transitions: Temperature (°C) 
H2L
9 Cr+SmA 
80°C
R.T.
  SmA 
190°C  dec 
H2L
10 Cr+SmA 
80°C
R.T.
  SmA 
200°C  dec 
H2L
11-PF6 Cr1 
100°C
100°C
  Cr2 
130°C
120°C
  SmA 
190°C  dec 
H2L
13 
Cr1 
46°C  Cr2 70°C  Cr3 110°C  SmA 200°C  dec 
                          Cr 
60 C    SmA 
H2L
14 
Cr1 
46°C  Cr2 70°C  Cr3 110°C  SmA 200°C  dec 
                          Cr 
60 C    SmA 
Cr : crystalline Phase, SmA : smectic A phase, dec: starting decomposition observed in POM 
and TGA at 10°C/min. 
 
Gold(I) di(NHC) complexes (9-Br)-(13-Br), 9-13 and (9-BF4)-(13-BF4) 
The compounds are fine-crystalline weakly birefringent powders that never melt until 
decomposition around 200°C (Figure 2.19). The presence of numerous sharp reflections in 
the mid and wide –angle region in XRD patterns confirmed the assignment to crystalline 
phases (Figure 2.20). Most samples show several transitions between crystalline phases 
consisting in reversible re-arrangements of the lattices (Table 2.4). A clear widening of 
reflections is moreover observed for the homologues with the longest chains and it is still 
possible that mesomorphism appears with a further lengthening of chains. 
 
 
   
 
Figure 2.19: From left to right: POM textures of 9-Br in the pristine state, 11-Br at 100°C 
and 13-BF4 at 160°C. 
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Figure 2.20: XRD pattern of 13-BF4 at 20°C (left) and at 100°C (right). 
 
Chapter 2: RESULTS AND DISCUSSION 
 
82 
 
Table 2.4: Phase-transition temperatures (°C) for complexes 3, (9-Br)-(13-Br), (9-13) 
and (9-BF4-13-BF4). 
Complex Phase transitions: Temperature (°C) 
3 Cr 
250°C  dec 
9-Br Cr1 
150°C
150°C
  Cr2 
200°C  dec 
9 Cr 
210°C  dec 
9-BF4 Cr 
200°C  dec 
10-Br Cr1 
30°C  Cr2 
145°C
138°C
 Cr3 
200°C  dec 
10 Cr1 
60°C
R.T.
  Cr2 
200°C  dec 
10-BF4 Cr1 
50°C
R.T.
  Cr2 
200°C  dec 
11-Br Cr1 
60°C
25°C
  Cr2 
140°C
135°C
  Cr3 
160°C
150°C
  Cr4 
200°C  dec 
11 Cr1 
45°C
30°C
  Cr2 
130°C
120°C
  Cr3 
200°C  dec 
12 Cr1 
80°C
30°C
  Cr2 
135°C
130°C
  Cr3 
200°C  dec 
12-BF4 Cr1 
80°C
30°C
  Cr2 
135°C
130°C
  Cr3 
155°C
150°C
  Cr4 
200°C  dec 
13-Br Cr1 
70°C
65°C
  Cr2 
120°C
115°C
  Cr3 
210°C  dec 
13 Cr1 
70°C
65°C
  Cr2 
120°C
115°C
  Cr3
140°C
140°C
  Cr4 
210°C  dec 
13-BF4 Cr1 
70°C
70°C
  Cr2 
120°C
115°C
  Cr3 
210°C  dec 
Cr : crystalline Phase, dec: starting decomposition observed in POM and TGA at 
10°C/min. 
 
Gold(I) di(NHC) Complexes 14-Br, 14 and 14-BF4 
The compounds are soft and weakly birefringent powders in a pristine state, and 
get pasty and more birefringent above 60°C (Figures 2.21). The textural changes 
combined to DSC and XRD results indicate that the melting yielded highly ordered 
mesophases (Table 2.5). Lamellar mesomorphism is deduced from the presence of 
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broad wide-angle scattering signals and sharp small-angle reflections (Figure 2.22). 
Additional broadened signals in the mid- and wide-angle however evidence the 
persistence of 3-dimensional structures, whose characterization needs 
complementary information from oriented XRD patterns, not performed yet. 
 
 
   
 
Figure 2.21: From left to right: POM textures at 100°C of 14-Br, 14 and 14-BF4. 
 
  
Figure 2.22: XRD pattern of 14-Br at 20°C (left) and at 100°C (right). 
 
Table 2.5: Phase-transition temperatures (°C) for complexes 14-Br, 
14, 14-BF4. 
Complex Phase transitions: Temperature (°C) 
14-Br Lam+Amorph+Cr 
55°C  Lam 200°C  dec 
14 Lam+Amorph 
50°C  Lam 200°C  dec 
14-BF4 Lam+Amorph 
50°C  Lam 200°C  dec 
Cr : crystalline Phase, Lam : lamellar mesophase with residual 3-
dimensional positional order, Amorph: amorphous state, dec: starting 
decomposition observed in POM and TGA at 10°C/min. 
 
The preliminary results reported in this section show that the introduction of long 
chain wingtip substituents in the structure of the diimidazolium salts H2L
9, H2L
10, 
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H2L
11-PF6, H2L
13 and H2L
14 leads to thermotropic ionic liquid crystals. However upon 
formation of the carbene moiety and coordination to the gold(I) centers the 
complexes present thermotropic behavior but not liquid crystalline phases. In 
particular complexes bearing two-chains ligands (9-Br)-(13-Br), 9-13 and (9-BF4)-(13-
BF4) are present in different crystalline phases until the decomposition temperature 
while complexes bearing four-chains ligands (14-Br, 14 and 14-BF4) give a lamellar 
mesophase with residual 3-dimensional positional order in a wide range of 
temperatures (50 – 200°C). These results suggest that to obtain ionic liquid crystals 
based on gold(I) di(NHC) complexes it will be necessary to further enhance the 
lipophilic character of the ligands, by introducing a greater number of aliphatic 
chains. 
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OXIDATION OF THE GOLD(I) di(NHC) COMPLEXES 
 
The two most stable oxidation states characterizing gold complexes are +I and +III. 
The oxidative addition of halogens to gold(I) centers is probably the best synthetic 
way to obtain gold(III) complexes (Scheme 3.1).42 Formally when this reaction 
occurs a gold(I) center is converted into a gold(III) center varying its electronic 
configuration from [Xe]4f145d10 to [Xe]4f145d8. At the same time the halogen atoms 
are reduced to halides, thus becoming anionic ligands usually coordinated to the 
gold center that varies its coordination geometry from linear dicoordinated to 
square planar tetracoordinated. 
 
N
N
Au
N
N
PF6
N
N
Au
N
N
PF6
I
I
1.2 I2
CH2Cl2
30 min., -30°C
 
Scheme 3.1: Oxidative addition reaction for a di(carbene) gold(I) complex reported in.42 
 
In the case of dinuclear complexes the oxidative addition reaction can be more 
complicated and different products may be obtained depending on the Au/X2 ratio. 
In the excess of halogen both the two gold(I) centers can be oxidized to gold(III) 
(Scheme 3.2).  
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N
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(PF6)2
X X X X
(PF6)2
 
Scheme 3.2: Oxidative addition of X2 to a dinuclear bis(di(NHC)) gold(I) complex: synthesis 
of the dinuclear gold(III) complex. 
 
The oxidative addition reaction may also take place in a binuclear fashion.81 In this 
last case two gold(I) centers and one halogen molecule are involved in the reaction. 
The two gold(I) centers vary their oxidation state of only one unit affording two 
gold(II) centers characterized by the electronic configuration [Xe]4f145d9 (Scheme 
3.3). The oxidation state Au(II) is quite unusual for gold but in dinuclear complexes 
it can be stabilized by the presence of a direct bond between the two gold(II) 
atoms.81 The gold-gold bond removes the otherwise paramagnetic character of the 
gold(II) centers coupling their unpaired electron. 
 
+   X2
N
Y
NN N
R R
Au Au
N
Y
N NN
RR
N
Y
NN N
R R
Au Au
N
Y
N NN
RR
(PF6)2
X X
(PF6)2
 
Scheme 3.3: Oxidative addition of X2 to a dinuclear bis(di(NHC)) gold(I) complex: synthesis 
of the dinuclear gold(II) complex. 
 
When the oxidative addition is carried out with a sub-stoichiometric amount of 
halogen (Au/X2 < 1) another possible product is a mixed valence Au(I)/Au(III) 
complex in which the two gold centers are present in two different oxidation states 
(Scheme 3.4). 
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N
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(PF6)2
X
(PF6)2
X
 
Scheme 3.4: Oxidative addition of X2 to a dinuclear bis(di(NHC)) gold(I) complex: synthesis 
of the dinuclear mixed valence gold(III)/gold(I) complex. 
 
As reported in Scheme 3.5 mixed valence Au(I)/Au(III) complexes (type aX) and 
Au(II) complexes (type bX) are possible reaction intermediates in the two steps 
process that takes to the formation of the Au(III) complexes (type cX). In some 
particular cases these intermediate oxidized species (type aX and type bX 
complexes) may be more stable than the fully oxidized one (type cX complexes) 
even if the oxidative halogenation is operated in excess of halogen. 
The selectivity in the oxidative halogenation between the possible products (aX, bX 
or cX type) is actually given by the thermodynamic and kinetic of the system. The 
oxidative addition of halogen and its opposite reaction, reductive elimination, are 
formally competitive reactions (see Section 1.3.4) Two main features that can 
strongly influence the equilibrium are: 
- Halogen concentration and halogen type. 
- The structure of the bridging di(NHC) ligands present in the dinuclear gold(I) 
starting complex. 
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Scheme 3.5: Possible reaction equilibria in the oxidative addition of halogens to dinuclear 
bis(di(NHC)) gold(I) complexes.81 
 
In this view the obtained results on oxidative addition of halogen reactions to the 
gold(I) di(NHC) complexes 1-8 are discussed in different sections on the basis of the 
different reactivity observed. 
 
3.1. Oxidative halogenation of the gold(I) di(NHC) complexes 2, 4, 6 and 7 
Gold(III) di(NHC) complexes 2cX, 4cX, 6cX and 7cX (X = Cl, Br, I) were synthesized by 
X2 oxidative addition to the corresponding gold(I) di(NHC) complexes 2, 4, 6 and 7 
(Scheme 3.6). 
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+  2X2
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Au Au
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N
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Au Au
N
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(PF6)2
X X X X
(PF6)2
[X2]/[Au] = 1.2
CH3CN, R.T.
16h.
2, 4, 6, 7 X = Cl : 2cCl, 4cCl, 6cCl, 7cCl
X = Br :  2cBr, 4cBr, 6cBr, 7cBrR = Me; 2, Y = (CH2)2; 4, Y = (CH2)4;            
              6, Y = m-xylylene; 7, Y = p-xylylene X = I : 2cI, 4cI, 6cI, 7cI
 
Scheme 3.6: Synthesis of the gold(III) complexes ncX (n = 2, 4, 6, 7; X = Cl, Br, I). 
 
For the chlorine oxidative addition the solid reagent PhICl2, was used instead of the 
corrosive and difficult to handle gaseous chlorine;82 dichloroiodobenzene gradually 
releases Cl2 in solution, it is easily synthesized in a procedure which implies heating 
of a mixture of iodobenzene and urea-hydrogenperoxide adduct, and subsequent 
treatment of the resulting slurry with concentrated HCl.82 Differently the addition of 
bromine and iodine was performed using a ca 1M solution of the halogen in CH3CN. 
The reaction was run at room temperature, for 16 hours using a little excess of 
halogen with respect to the gold. The obtained products are yellow (bright yellow 
for cCl series, intense yellow for cBr series) or orange solids (cI series) soluble in 
common polar organic solvent (acetonitrile, dimethylsulfoxide). 
The pattern and the number of the signals in the 1H and 13C{1H} NMR spectra 
confirm that the highly symmetric structure of the dinuclear gold(I) di(NHC) 
complexes is retained after the oxidation of the gold centers. In fact, all the oxidized 
complexes present one unique set of signals for the two di(NHC) ligands bridging 
the two gold(III) centers, slightly shifted with respect to the corresponding set of 
signals in the gold(I) complexes. In particular in the 1H NMR of the various 
complexes it is possible to find a singlet for the two methyl groups in the wingtip 
positions, two doublets (3J ≈ 2.0Hz) or a broad singlet for the protons in positions 4 
and 5 of the imidazol-2-ylidene rings and a set of signals for the bridge function (Y) 
between the two heterocyclic rings as exemplified in Table 3.1 for complexes 2cBr, 
4cBr, 6cBr and 7cBr. 
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N
Y
NN N
Me Me
H5 H4 H4 H5
Au Au
 
 
Table 3.1: 1H NMR spectra of the complexes 2cBr, 4cBr, 6cBr 
and 7cBr measured in CD3CN. 
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From the 1H and 13C {1H} NMR spectra it is also possible to establish the variation in 
gold centers oxidation state from +I to +III. 
 
N
Y
N
R
H H
Au
N
Y
N
R
H H
Au
N
Y
N
R
H H
Au
N
Y
N
R
H H
Au  
Figure 3.1: Possible resonance structures for an imidazol-2-ylidene coordinated to a gold 
center. 
 
The imidazol-2-ylidene rings are aromatic, this means that it is possible to write 
different resonance structures in which the 6 electrons present in the p orbitals 
perpendicular to the heterocyclic rings are differently located (Figure 3.1). 
Gold(III) is characterized by a higher Lewis acidity than gold(I), so that when the gold 
centers are in the higher oxidation state, it is reasonable that the electron density 
delocalized on the heterocyclic ring moves to the gold center and indirectly to the 
carbene carbon atom.83 This results in a downfield shift in the 1H NMR spectra of 
the gold(III) complexes of the protons H4 and H5 of the imidazole ylidene rings; a 
similar downfield shift is observed in the 13C{1H} NMR spectra for the signals of the 
related carbon atoms (4 and 5 in the heterocyclic ring) (Figure 3.2). For the same 
reason the signal of the carbene carbon atom is upfield shifted, moving from ca. 
180-190 ppm (typical range for a carbene carbon atom bound to a gold(I) center) to 
ca. 155 ppm for cCl type, 150 ppm for cBr type and 145 ppm for cI type gold(III) 
di(NHC) complexes (Figure 3.3). The chemical shift of the carbenic carbon in the 
13C{1H} NMR spectra is the best diagnostic tool to establish the oxidation state of 
the gold centers on the basis of the Δδ ≈ 30-40 ppm observed for this carbon atom 
when is coordinated to a gold(I) or a gold(III) metal center. 
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Figure 3.2: 1H NMR spectra of complexes 4 (above) and 4cBr (below). 
 
 
 
ppm 2.03.04.05.06.07.0
ppm 2.03.04.05.06.07.0
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Figure 3: 13C{1H} spectra of complexes 4 (above) and 4cBr (below). 
 
Within the series of gold(III) compounds obtained through oxidative addition of 
different halogens to the same gold(I) di(NHC) complex it is possible to observe an 
halogen related trend in the chemical shifts of the 1H and 13C{1H} NMR signals 
(Table 3.2). In the 1H NMR spectra this is particularly noticeable for the singlet 
caused by the methyl groups, whose downfield shift varies with the halogen in the 
order Cl > Br > I. For example in the series of complexes 2cX the observed shifts are 
4.04 (Cl), 3.97 (Br) and 3.83 (I) ppm, to be compared with 3.78 ppm in the parent 
Au(I) complex 2; the Δδ (+I → +III) is 0.26 (Cl) > 0.19 (Br) > 0.05 (I). The same trend is 
found in the 13C {1H} NMR for the signals related to the carbenic carbon (Table 3.2). 
The observed trends can be explained by the different donating ability of the 
anionic ligand X (X = Cl, Br, I), whereby a greater upfield shift is induced by the 
better -donor as already reported by Huynh.84 In the present case, the donating 
ability of halide ligands can be ranked in the order of I > Br > Cl.  
ppm 50100150
ppm 255075100125150175
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Table 3.2: Selected NMR data of the complexes 2cCl, 2cBr, 2cI, 4cCl, 
4cBr,4cI, 6cCl, 6cBr, 6cI, 7cCl, 7cBr and 7cI measured in CD3CN. 
 
Signals (δ = ppm) 
1H NMR 
Signals (δ = ppm) 
13C{1H} NMR 
Complex Me Carbenic carbon 
2cCl 4.04 154.1 
2cBr 3.97 151.7 
2cI 3.83 144.8 
4cCl 3.95 154.0 
4cBr 3.89 150.9 
4cI 3.79 144.6 
6cCl 3.98 154.1 
6cBr 3.92 151.1 
6cI 3.81 145.0 
7cCl 3.97 154.2 
7cBr 3.90 151.5 
7cI 3.80 145.0 
 
The dinuclear structure of the gold(III) complexes obtained via oxidative addition  of 
bromine (ncBr series) was confirmed by positive mode ESI-MS analysis. In fact, the 
ESI-MS spectra of the gold(III) di(NHC) complexes ncBr (n = 2, 4, 6, 8) show the 
signals relative to the cationic species [AuIII2L2Br4(PF6)m]
(2-m)+ (m = 0, 1) that contain 
the functions Au:di(NHC) ligand:Br in 1:1:2 ratio. The mass spectra show also signals 
of reduced species like [AuIIIAuIL2Br2(PF6)m]
(2-m)+ (n = 0, 1) and [AuI2L2Br]
+ in which 
one or both the gold(III) centers have been reduced to gold(I) (Table 3.3). The 
presence of signals related to reduced species is quite common and is attributable 
to the high potential at which the gold(III) complexes are exposed during the 
electronspray ionization process, as already reported by Hemmert.41 
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Table 3.3: ESI-MS selected data of the complexes 2cBr, 4cBr, 6cBr 
and 7cBr stock solution in CH3CN. 
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The dinuclear nature of the oxidized complexes has been confirmed also by single 
crystal X-ray analysis. Crystals of complex 6cCl have been obtained by slow diffusion 
of diethyl ether in an acetonitrile solution of the corresponding complex. 
Complex 6cCl has a centrosymmetric structure with the two aromatic rings of the 
xylene bridge oriented in an almost parallel fashion (Figure 3.4). The bond angles 
Ccarbene-Au-Ccarbene and Cl-Au-Cl are close to linearity (C1-Au-C16 = 177.57(10)°, Cl1-
Au-Cl2 = 178.80(3)°), as expected for a metal center coordinated in a square planar 
geometry. The bond distances Au-Cl (2.2811(8) and 2.2842(7) Å) and Au-Ccarbene 
(2.044(3) and 2.036(3) Å) are comparable to those reported for monomeric dichloro 
bis-NHC gold(III) complexes.85 The Au···Au distance is 8.854(3) Å, comparable with 
that reported for the bromine complex (8.874(4) Å)86 and significantly longer than 
the Au···Au distance in the corresponding Au(I) complex (4.741(5) Å).28 Complex 6cCl 
is isostructural with its bromine analogues 6cBr, whose structure has been already 
described in a previous work.86 
 
 
Figure 3.4. ORTEP view of complex 6cCl; ellipsoids drawn at the 30% probability level. 
Hydrogen atoms, PF6
- anions and solvent molecules are omitted for clarity. Selected bond 
distances (Å) and angles (°): C1-Au 2.044(3), C16-Au 2.036(3), Cl1-Au 2.2811(8), Cl2-Au 
2.2842(7); C16-Au-C1 177.57(10), C16-Au-Cl1 90.91(8), C1-Au-Cl1 91.13(8), C16-Au-Cl2 
87.91(8), C1-Au-Cl2 90.06(8), Cl1-Au-Cl2 178.80(3). 
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3.2. Oxidative halogenation of the gold(I) di(NHC) complexes 1 and 8 
Complexes 1 and 8 show a different reactivity with respect to the complexes 
reported in the previous section (2, 4, 6, 7). In fact, the structure of the di(NHC) 
ligands L1 and L8, characterized by the presence of only one methylene group 
between the two heterocyclic rings, leads preferentially to the formation of the 
mixed valence 1aX and 8aX (X = Cl, Br, I) product type. However when the oxidative 
addition is conducted with an excess of halogen it is possible to isolate, in the case 
of chlorine and bromine, the fully oxidized products 1cCl, 1cBr, 8cCl and 8cBr (Scheme 
3.7). 
 
+  2X2
N NN N
Au Au
NN NN
N NN N
Au Au
NN NN
(PF6)2
X X X X
(PF6)2
[X2]/[Au] = 1.2
CH3CN, R.T.
16 h.
1 X = Cl : 1cCl
X = Br :  1cBr
 
Scheme 3.7: Synthesis of the gold(III) complexes 1cX (X = Cl, Br). 
 
Complexes 1 and 8 present an identical reactivity toward the oxidative addition of 
halogens reaction. For this reason only the oxidation of complex 1 will be discussed 
in detail, but the same consideration may be considered valid also for complex 8. 
The 1H and 13C{1H} NMR spectra of the completely oxidized complexes present the 
same features discussed for complexes ncX (n = 2, 4, 6, 7; X = Cl, Br) as reported in 
Table 3.4 and Table 3.5. 
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Table 3.4: Carbenic carbon signal in the 
13C{1H} NMR spectra for complexes , 1cCl 
and 1cBr. 
 
Signals (δ = ppm) 
13C{1H} NMR 
Complex Carbenic carbon 
1 185.3 
1cCl 155.0 
1cBr 152.1 
 
Table 3.5: ESI-MS selected data of complex 1cBr. 
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The ESI-MS spectrum of complex 1cBr presents the signals relative to the cationic 
species [AuIII2L
1
2Br4(PF6)m]
(2-m)+ (m = 0, 1), [AuIIIAuIL12Br2(PF6)m]
(2-m)+ (m = 0, 1) and 
[AuI2L
1
2Br]
+, thus  verifying the dinuclear structure of the complex. The relative 
abundance (r.a.) of the reduced species is higher than that of the fully oxidized 
complex as indicated by the intensity of their signals (Table 3.6). This experimental 
result is in agreement with the tendency of complex 1cBr to easily lose one molecule 
of bromine and to afford the mixed valence Au(III)/Au(I) product 1aBr. 
 
Table 3.6: ESI-MS selected data of complex 1cBr. 
 Signals (m/z (r.a.)) 
Complex [AuIII2L
1
2Br4PF6]
+ [AuIIIAuIL12Br2PF6]
+ [AuI2L
1
2Br]
+ [AuIII2L
1
2Br4]
2+ 
1cBr 1210.25 (8) 1050.85 (61) 824.99 (100) 533.00 (35) 
 
The tendency of 1cBr to undergo bromine reductive elimination, observed in the ESI-
MS experiments, has been confirmed also in the recrystallization procedure. In fact, 
the slow diffusion of a 1/5 CH2Cl2/n-hexane mixture into an acetonitrile solution of 
complex 1cBr affords yellow crystals suitable for X-ray analysis with different 
morphology, needles-like 1aBr-n and prismatic 1aBr-p. Both compounds 1aBr-n and 
1aBr-p are evolution products of the starting complex 1cBr, as a consequence of 
reductive elimination of bromine from one gold(III) center. The two structures are 
very similar (Figure 3.5) and differ only for the number of crystallization molecules 
(dichloromethane). These structures have been obtained before these PhD studies 
but they are briefly discussed here to allow a comparison with the structure of 1aI 
(vide infra). 
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Figure 3.5: ORTEP view of complexes 1aBr-n (left) and 1aBr-p (right). Ellipsoids have been 
drawn at 30% of probability. Hydrogen atoms, PF6
- anions and dichloromethane solvent 
molecules have been omitted for clarity. Selected bond distances (Å) and angles (°) for 1aBr-
n: C1-Au1 2.027(6), C10-Au1 2.038(6), Br1-Au1 2.4012(8), Br2-Au1 2.4229(7), C7-Au2 
2.019(6), C14-Au2 2.016(6); C1-Au1-C10 172.9(2), C1-Au1-Br1 86.88(17), C10-Au1-Br1 
87.75(17), C1-Au1-Br2 91.60(17), C10-Au1-Br2 93.50(17), Br1-Au1-Br2 176.58(3), C14-Au2-
C7 175.0(2). For 1aBr-p: C10-Au1 2.039(8), C1-Au1 2.052(8), Br2-Au1 2.4063(10), Br1-Au1 
2.4156(11), C16-Au2 2.014(8), C7-Au2 2.028(8); C10-Au1-C1 175.8(3), C10-Au1-Br2 88.5(2), 
C1-Au1-Br2 88.9(2), C10-Au1-Br1 91.9(2), C1-Au1-Br1 90.6(2), Br2-Au1-Br1 176.40(4), C16-
Au2-C7 173.1(3). 
 
As expected, the two gold atoms show a different geometry: the Au(I) is ligated to 
two carbene units in a linear fashion, while the Au(III) is tetracoordinated in a 
square planar geometry. The intramolecular Br…Au distance is 3.560(5) and 
3.672(5) Å in 1aBr-n and 1aBr-p respectively. The presence of one gold(III) atom with 
two coordinated bromides only slightly influences the overall structure of the 
complex, which is very similar to the one reported for the analogous gold(I) dimer.28 
In particular the dihedral angle between the average planes each containing the Au 
center and the two linearly coordinated carbene rings takes the value 108.01(2)° 
1aBr-n and 111.29(2)° 1aBr-p, only slightly higher than in the reference Au(I) dimer 
(106.26(1)°).28 
Chapter 3: RESULTS AND DISCUSSION 
 
101 
 
 
Figure 3.6: ORTEP view of complex 1aBr-n view along an hypothetical axis passing through 
the methylene bridging carbon atoms C4 and C13. 
 
Figure 3.6 represents the molecular structure of the cation of 1aBr-n viewed along 
the axis passing through the two carbon atoms of the methylene bridging groups 
(C4 and C13). We can assume that a similar folded structure is adopted also by the 
complex 1cBr, probably inducing a high steric hindrance around the 
tetracoordinated gold(III), thus favoring the reductive elimination of Br2. In the 
1H 
and 13C{1H} NMR spectra of complex 1aBr the different electronic distribution 
induced in the heterocyclic rings coordinated to two gold centers in different 
oxidation states leads to a more complicate set of signals for the di(NHC) ligand 
than the one observed in the case of the highly symmetric compounds 1 and 1cBr. In 
particular in the 13C{1H} NMR spectrum two signals for the carbenic carbons are 
present; one is found at 186.0 ppm for the two carbenes coordinated to the gold(I) 
center and one at 151.8 ppm for the carbenes coordinated to the gold(III) center. In 
the 1H NMR spectrum two singlet are found for the methyl groups at 3.90 and 3.95 
ppm, an AB system (2J = 14.7 Hz ppm) for the bridging methylene groups at 6.25 and 
6.96 ppm and four doublets (3J = 1.6 Hz) for the protons bound in position 4 and 5 in 
the heterocyclic rings at 7.32, 7.49, 7.59 and 7.78 ppm. 
 
The steric hindrance of the halogen ligands are amplified moving down in the group 
17 from bromide to iodide. In the iodine oxidative addition to 1, only the mixed 
valence complex 1aI is isolated, and even working with an excess of halogen the 
formation of cI complex type was never observed (Scheme 3.8). 
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+  2 I2
N NN N
Au Au
NN NN
N NN N
Au Au
NN NN
(PF6)2
I I
(PF6)2
[I2]/[Au] = 1.2
CH3CN, R.T.
16h.
1 1aI
 
Scheme 3.8: Synthesis of the mixed valence complex 1aI. 
 
The 1H NMR spectrum of complex 1aI shows two sets of broad signals both for the 
methyl groups (3.5 – 4.0 ppm) and for the protons bound in position 4 and 5 of the 
heterocyclic rings (7.3 – 7.8 ppm). In the region of the methylene protons bridging 
the imidazole 2-ylidene rings two different AB systems are found (Figure 3.7). In the 
1H, 13C – HMBC NMR spectrum four cross-peaks are found between the methylene 
protons of the bridging group the carbene carbons. Two of them are in the region 
typical of carbene carbons coordinated to a gold(I) center showing a chemical shifts 
of 185.8 and 185.6 ppm respectively; the other two signals are found in a spectral 
region well-matched with a carbene carbon coordinated to a gold(III) center with a 
chemical shift of 145.0 and 143.0 ppm (Figure 3.8). The non-magnetic equivalency 
of the two di(NHC) ligands, and in particular the presence of two AB systems for the 
bridging methylene groups suggest a structure characterized by a low flexibility in 
solution for 1aI, probably owing to the high steric hindrance related to the presence 
iodide ligands coordinated to the square planar gold(III) center. 
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Figure 3.7: 1H NMR spectrum of the complex 1aI. 
 
 
Figure 3.8: 1H,13C-HMBC spectra of the complex 1aI; with particular emphasis of the 
carbene carbon resonances. 
 
The ESI-MS spectrum of complex 1aI presents the signals relative to the cationic 
species [AuIIIAuIL12I2(PF6)m]
(2-m)+ (m = 0, 1), thus confirming the dinuclear structure of 
the mixed valence Au(III)/Au(I) complex. 
 
ppm 4.05.06.07.08.0
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X-ray quality single crystals of 1aI were grown by slow diffusion of Et2O into a MeCN 
solution. In the selected crystal batch two different kind of specimens were found: 
most were thin red plates (1aI-p), few small yellow needles (1aI-n). During the X-ray 
analyses, it turned out that the two crystals were representatives of two different 
polymorphs co-crystallized in the same solvent mixture.  
Despite several efforts, we did not succeed in finding a red plate specimen good 
enough to perform the structure solution and to get an acceptable final R value. 
However, the preliminary data so far acquired (R=9.92 %) were sufficient to identify 
unambiguously the unit cell content and to prove that the structure was basically 
the same of the yellow needles. In both cases, the cell contains a digold cation, 
matched by two hexafluorophosphate anions, and a crystallization acetonitrile 
molecule. The cation shows two gold centers, respectively, a gold(III) and a gold(I) 
atom μ–bridged by two identical di(NHC) moieties, realizing a mixed valence 
complex. The gold(III) center is tetracoordinated and shows the C2I2 donor set in a 
square planar environment; the gold(I) is bound to two carbene units in a linear 
fashion. An ORTEP representation of the cation, together with the chosen 
numbering scheme, is given in Figure 3.9. 
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Figure 3.9: ORTEP drawing of complex 1aI-n. Hydrogens atom and PF6
- anions have been 
omitted for clarity. Thermal ellipsoids have been drawn at the 40% probability level. 
Selected bond distances (Å) and angles (°): Au1–I1 2.6177(4), Au1–I2 2.6123(4), Au1–C1 
2.039(4), Au1–C16 2.038(4), Au2–C7 2.010(4), Au2–C10 2.008(4); I1–Au1–I2 173.49(1), C1–
Au1–C16 175.97(18), C1–Au1–I1 88.06(13), C1–Au1–I2 91.63(13), I1–Au1–C 16 88.64(12), 
I2–Au1–C16 91.39(12), C7–Au2–C10 174.22(18). 
 
The Au–I average distance is 2.615(4) Å, a value that fits similar gold(III) bis(carbene) 
complexes.70 The Au–C distances about the two gold centers are slightly different. 
In particular, the Au–C average distance at square planar gold(III) and linear gold(I) 
are 2.038(4) and 2.008(4) Å, respectively. The Au–C distances involving the gold(III) 
atom are ca. 0.03 Å longer (in the average) than those about the gold(I) center. A 
similar, less pronounced situation was found also in the two forms of the dibromo 
derivatives (average difference of ca. 0.02 Å in both cases). 
 
Interestingly, the same situation, with two distinct polymorphs, has been found in 
the dibromo analogue.86 However, while 1aBr-p and 1aI-p are completely 
isostructural, 1aI-n has a unit cell rather different from the one of the dibromo 
derivative 1aBr-n. An inspection of the packing diagrams of these two last species 
looking down the crystallographic c axis shows that in 1aBr-n cations and anions are 
ordered in alternate layers along the crystallographic a axis. In 1aI-n, intermolecular 
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contacts between cations and anions create zigzag motifs running along the 
crystallographic b axis and layered along the a axis (Figure 3.10). 
 
 
Figure 3.10: The packing diagram of 1aI-n (left) and 1aBr-n (right)86 analogues viewed along 
the crystallographic c axis. 
 
The cation of 1aI-n is very similar to the one of the dibromo analogue 1aBr-n.86 A 
superimposition of the two cations (26 atoms total) by means of the Molecule 
Overlay routine of the Mercury software87 yields an RMS value of 0.12 Å (Figure 
3.11). A similar, yet slightly worse result (RMS value of 0.14 Å, figure not shown) is 
obtained by fitting the cations of 1aI-p and 1aI-n. In both complexes, the two 
carbene ligands make upon coordination a twelve–membered macrocycle, which is 
folded about a line connecting the two bridging methylene groups. The average 
planes containing the atoms of the two carbene rings coordinated to each one of 
the two gold centers define dihedral angles of 109.0° and 106.7° for 1aI-p and 1aI-n, 
respectively. By comparison, the corresponding values for 1aBr-p and 1aBr-n of the 
dibromo analogues are 108.1° and 111.3°,86 respectively, whereas the same angle is 
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106.3° and 111.1° in the related di–gold(I) and di–palladium(II) complexes, 
respectively.28, 88 
 
 
Figure 3.11: The overlapped cations of 1aI-n (dark gray) and of 1aBr-n (light gray). 
 
The gold atoms do not belong to the above mentioned average planes. In 1aI-n they 
deviate by 0.232 and 0.190 Å; in 1aBr-n, they depart by 0.207 and 0.228 Å. In both 
cases, the two gold atoms are shifted towards each other. The Au…Au distance is 
3.744 Å (3.738 Å in the 1aBr-n compound), well above the sum of the van der Waals 
radius for gold, ruling out the presence of any aurophilic interaction. There is 
however a smooth Au…I interaction between the Au2 and I2 atoms; the contact is at 
3.606 Å, a little less than the sum of the pertinent van der Waals radii (3.64 Å). This 
interaction is absent in the dibromo complex (Au…Br distance of 3.672 Å). 
 
3.3 Oxidative halogenation of the gold(I) di(NHC) complexes 3 and 5 
In the oxidative halogenation of gold(I) di(NHC) complexes 3 and 5 the quantitive 
formation of a dinuclear gold(III) complex (ncX type) is observed only when iodine is 
used as oxidant (Scheme 3.9). 
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3cI, Y = (CH2)3;
5cI, Y = o-xylylene.
 
Scheme 3.9: Synthesis of the complexes 3cI and 5cI by oxidative addition of I2. 
 
The use of PhICl2 or bromine in the oxidation leads otherwise to the formation of a 
mixture where two different products are present: one is the gold(III) complex ncX 
(n = 3, 5; X = Cl, Br) while the second is a stable gold(II) di(NHC) complex nbX (n = 3, 
5; X = Cl, Br), in which a gold(II)-gold(II) bond is present (Scheme 3.10). 
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+
 
Scheme 3.10: Oxidative addition of Cl2 or Br2 to complexes 3 and 5. 
 
The ratio between the two different products obtained depends on the complex (3 
or 5) and on the halogen employed (Cl or Br). In the oxidation of complex 3 the 
gold(II) complex 3bX (X = Cl, Br) is the major product while the gold(III) complex 3cX 
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(X = Cl, Br) is present only in traces; in the oxidation of complex 5 the two products 
are found in a ca. 1:1 ratio (Table 3.7). 
 
Table 3.7: Composition of the reaction mixtures obtained by 
oxidative addition of Cl2 and Br2 to complexes 3 and 5. 
 Oxidative addition products 
Oxidant 
Complex 
PhICl2 Br2 
3 
3bCl (0.90) 
3cCl (0.10) 
3bBr (0.95) 
3cBr (0.05) 
5 
5bCl (0.37) 
5cCl (0.63) 
5bBr (0.50) 
5cBr (0.50) 
 
Gold(III) complexes were identified on the basis of their 1H and 13C{1H} NMR 
spectra, that present the same features already discussed in Section 3.1 for 
complexes ncX (n = 2, 4, 6, 7; X = Cl, Br, I).  
 
From slow diffusion of diethyl ether into an acetonitrile solution of 3cI complex, it 
was possible to obtain red/orange crystals suitable for X-ray structure 
determination. Unfortunately the crystals were not stable once removed from the 
crystallization mixture, indicating the probable presence of solvated species. Indeed 
even at low temperature (173 K) it was not possible to obtain a good quality 
structure resolution as indicated by the final R value achieved (13.09%) even after 
different refinement attempts. However it was possible to identify the basic 
structure of the complex that as expected shows two tetracoordinated gold(III) 
centers, linked by two bridging di(NHC) ligands, in a square planar coordination set 
where two iodide ligands and two carbene moieties are found mutually in trans 
(Figure 3.12). 
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Figure 3.12: Ball and stick drawing of complex 3cI. 
 
The identification of the nbX species as gold(II) complexes was done first of all by 
halogen elemental analysis. In fact the expected halogen content for a gold(III) (ncx 
type) and for a gold(II) (nbx type) complex is quite different (Table 3.8). The 
experimental results are in good agreement with the calculated values for all the 
nbX/ncX reaction mixtures. Only in the case of 3bBr/3cBr the bromine content found 
is higher, probably for the inclusion of some bromine in the reaction product, but 
still far away from that expected for a pure gold(III) complex (3cBr) (Table 3.8). 
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Table 3.8: Halogen content in the reaction mixtures obtained by oxidative addition 
of Cl2 and Br2 to complexes 3 and 5. 
 Halogen content 
Complex Calculated Experimental 
3bCl 6.01  
3cCl 11.35  
3bCl (0.90)/3cCl (0.10) 6.63 6.99 
3bBr 12.62  
3cBr 22.42  
3bBr (0.95)/3cBr (0.05) 13.11 16.00 
5bCl 5.43  
5cCl 10.31  
5bCl (0.37)/5cCl (0.63) 8.61 7.81 
5bBr 11.48  
5cBr 20.60  
5bBr (0.50)/5cBr (0.50) 16.21 16.17 
 
Elemental analysis of the reaction mixtures obtained in the oxidative addition of 3 
and 5 with PhICl2 and Br2 revealed the presence of a compound with a lower 
halogen content than the fully oxidized ncX type complexes. Formally the halogen 
deficient species could be a mixed valence gold(I)/gold(III) complex (naX type), 
already observed in the halogenation of complex 1, rather than a gold(II) complex 
(nbX type). However the formation of mixed valence product is excluded from the 
1H and 13C{1H} NMR analysis. In particular, in the 13C{1H} NMR spectrum of a mixed 
valence complex (nax type) two different signals for the carbene carbons are 
expected, one around 180 ppm for a carbene carbon coordinated to a gold(I) center 
and one around 150 ppm for a carbene carbon coordinated to a gold(III) center. No 
signal around 180 ppm were found in the 13C{1H} NMR spectra of the reaction 
mixtures obtained in the halogenation of 3 and 5 with PhICl2 and Br2. Differently the 
gold(II) complexes (nbX type) should present only one signal for the carbene carbon, 
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indicative of a specie in which both the gold centers have the same oxidation state. 
The position of the mentioned signal is between the one of a gold(I) and of a 
gold(III) di(NHC) complex but remarkably close to those observed for a gold(III) 
carbene carbon, Table 3.9. This observation is somewhat surprising but in 
agreement with previous results on dinuclear gold(II) complexes with o-metallated 
phosphines or phosphorous diylides. In these last cases 31P NMR spectra and XPS 
analysis suggest a similar electron density on gold(II) and gold(III) centers. 
 
Table 3.9: Carbonic carbon signal in the 13C{1H} NMR spectra of the complexes 3, 
3bX, 3cX, 5, 5bX and 5cX. 
 
13C{1H} NMR 
(δ = ppm) 
 
13C{1H} NMR 
(δ = ppm) 
 
13C{1H} NMR 
(δ = ppm) 
Complex Carbene Complex Carbene Complex Carbene 
3 184.1 3bCl 155.9 3cCl 154.1 
  3bBr 154.7 3cBr 151.2 
5 185.1 5bCl 155.5 5cCl 154.9 
  5bBr 154.1 5cBr 152.4 
 
The 1H NMR spectra of the gold(II) complexes (nbX type) present one single set of 
signals ruling out definitely the presence of a mixed valence complex (naX type). The 
main differences between the 1H NMR spectra of the gold(II) and gold(III) 
complexes lie on the methyl resonances, which are upfield shifted in the gold(II) 
complexes, and on the increased complexity of the pattern of the signals related to 
the bridge (Y), probably because of the lower flexibility imposed to the molecular 
structure of the gold(II) complexes by the presence of the gold-gold bond (Figure 
3.13). From the integrals of the methyl groups it is possible to evaluate the ratio 
between the gold(II) and the gold(III) complexes. 
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Figure 3.13: 1H NMR spectra of the reaction mixtures 3bBr(◊)/3cBr() (above) and 
5bBr(◊)/5cBr() (below). 
 
A definite proof about the oxidation state of gold in nbX type complexes was 
achieved by solving the crystal structure of complex 3bBr. By slow evaporation (ca. 
one week) of an acetonitrile solution of the synthesis mixture 3bBr/3cBr, crystals of 
pure 3bBr were isolated. Cationic dinuclear Au(II) complexes, PF6
- anions and 
solvation acetonitrile molecules are present in the crystals of 3bBr. The ORTEP view 
of the cationic complex is reported in Figure 3.14. 
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Figure 3.14: ORTEP view of complex 3bBr. Ellipsoids drawn at the 30% probability level. 
Hydrogen atoms and PF6
- anions have been omitted for clarity.  Selected bond distances (Å) 
and angles (°): C1-Au1 1.99(1), C12-Au1 2.08(1), Br1-Au1 2.5101(4), Au1-Au2 2.5846(2), 
C11-Au2 2.05(1), C22-Au2 2.02(1), Br2-Au2 2.4982(4); C1-Au1-C12 177.7(3), C1-Au1-Br1 
89.2(3), C12-Au1-Br1 88.7(4), C1-Au1-Au2 90.8(3), C12-Au1-Au2 91.3(3), Br1-Au1-Au2 
179.77(6), C22-Au2-C11 175.7(5), C22-Au2-Br2 90.2(3), C11-Au2-Br2 87.5(3), C22-Au2-Au1 
90.1(3), C11-Au2-Au1 92.3(3), Br2-Au2-Au1 179.51(5). 
 
To our knowledge, this is the first reported example of a cationic dinuclear Au(II) 
complex, in which the two metal centers are coordinated to two bridging di(NHC) 
ligands; similar dinuclear structures characterized by a short Au(II)-Au(II) bond have 
been previously reported for example with phosphorous diylides, amidinates or o-
metallated phosphines.89 The bridging coordination mode of the di(NHC) ligands 
imposes coordination chirality to the complex. Nevertheless the value of the Flack 
parameter of 0.49(1) suggests that the compound is a racemic twin. The 
coordination around each gold atom is square planar, involving two carbene 
carbons, a bromine and the second gold atom. The mean coordination planes of the 
metal centers are almost orthogonal forming a dihedral angle of 87.68(2)°. The Au-C 
bond distances span from 1.99(1) to 2.08(1) Å, in agreement with those found in 
other Au-C(carbene) bond distances involving Au(I) and Au(III) centers;86 the Au-Br 
bond distances are of 2.5101(4) and 2.4982(4) Å for Au1-Br1 and Au2-Br2 
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respectively, longer than those found in 86 and in agreement with those found in bis 
[(μ2-2,2-diphenylphosphoniapropane-1,3-diyl)-bromo-gold(II)] complex (2.516(2), 
2.504(2) Å).90 The two linearly coordinated carbene rings to the Au1 or Au2 metal 
center are slightly twisted (dihedral angles 16.14(2) (Au1) and 17.59(2)° (Au2)). At 
the same time, the dihedral angle between the average planes, each containing the 
Au center and the two linearly coordinated carbene rings, is found to be 0.48(2)°, 
indicating that they are almost parallel; moreover they are at a distance of 2.914(2) 
Å, which is significantly longer than the Au1-Au2 bond length of 2.5846(2). Such a 
short Au-Au bond distance has only been observed in few cases involving halogen 
ylides Au(II) dinuclear compounds.89c,90 
The arrangement of the di(NHC) ligands around the metal centers observed in 3bBr 
is very similar to the one reported by Vicente et al. for complex 3 with triflate 
anions instead of hexafluorophosphates (Figure 3.15).70 
 
  
Figure 3.15: Comparison between the structure of complexes 3bBr (on the right) and that of 
complex 3 obtained by Vicente et al. with OTf- as anion (on the left). 
 
A quite surprising result was achieved using a different crystallization procedure. 
Upon slow diffusion of diethyl ether (ca. 3 weeks) in an acetonitrile solution of the 
product mixture 3bBr/3cBr, crystals were obtained in which two forms 3cBr and 
polymer are present (Figures 3.16 and 3.17). 3cBr is the expected gold(III) di(NHC) 
complex, while polymer has a polymeric structure with the di(NHC) ligands bridging 
AuBr2 units in a staggered way (Chart 3.1). 
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Chart 3.1: Schematic representation of the complex 3cBr and the polymer, found in the 
crystal cell. 
 
 
Figure 3.16: ORTEP view of 3cBr. Ellipsoids are drawn at 30% of probability. Hydrogen atoms 
and PF6
- anions have been omitted for clarity. Selected bond distances (Å) and angles (°): 
C1-Au1 2.03(1), C11-Au2 2.04(1), C12-Au2 2.05(1), C22-Au1 = 2.02(1), Br1-Au1 2.386(2), 
Br2-Au1 2.405(2), Br3-Au2 2.391(1), Br4-Au2 2.407(1), Au1∙∙∙Au2 6.322(4); C22-Au1-C1 
177.3(4), C22-Au1-Br1 89.6(4), C1-Au1-Br1 89.9(3), C22-Au1-Br2 90.7(4), C1-Au1-Br2 
89.9(3), Br1-Au1-Br2 176.85(8), C11-Au2-C12 177.9(5), C11-Au2-Br3 88.9(3), C12-Au2-Br3 
90.8(3), C11-Au2-Br4 90.2(3), C12-Au2-Br4 90.2(3), Br3-Au2-Br4 178.36(7). 
 
3cBr is a dinuclear compound of gold(III) in which the Au centers are 
tetracoordinated in a square planar environment. Each gold atom is bonded to two 
carbene carbon atoms (the Au-C bond distances span from 2.02(1) to 2.05(1) Å) and 
two bromine atoms (the Au-Br bond distances are in the range 2.386(2)-2.407(1) Å). 
The mean coordination planes of the metal centers form a dihedral angle of 
49.93(3)°. The two coordinated carbene rings to the Au2 metal center are almost 
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parallel (dihedral angle 3.39(2)°), while those coordinated to Au1 are not, with a 
dihedral angle of 21.49(3)°.  
 
 
Figure 3.17: ORTEP view of polymer. Ellipsoids are drawn at 30% of probability. 
Hydrogen atoms and PF6
- anions have been omitted for clarity. Selected bond 
distances (Å) and angles (°): C23-Au3 2.05(1), C33-Au4 2.03(1), Br5-Au3 2.408(1), 
Br6-Au4 2.404(1), Au3∙∙∙Au4 6.320(3); C23-Au3-C23’ 179.99(2), C23-Au3-Br5’ 
91.0(3), C23-Au3-Br5 89.0(3), Br5-Au3-Br5’ 180.00(7), C33-Au4-C330 179.99(2), 
C33-Au4-Br6’ 89.5(4), C33-Au4-Br6 90.5(4), Br6-Au4-Br6’ 179.99(1). 
 
Polymer is a gold(III) coordination metallopolymer, formed by an infinite chain of 
AuBr2 units bridged by the di(NHC) ligand. The polymeric structure develops along 
the a axes of the cell (Figures 3.18 and 3.19). To our knowledge, this is the first 
example of a carbene coordination metallopolymer of gold, although two examples 
of silver(I) carbene metallopolymers have been reported by Steed and Youngs.91 
The Au(III) atoms are bonded to two carbene carbon atoms (the Au-C bond 
distances are 2.03(1) and 2.05(1) Å) and two bromine atoms (the Au-Br bond 
distances are 2.404(1) and 2.408(1) Å) in a square planar arrangement. The mean 
coordination planes of the metal centers form a dihedral angle of 63.17(2)°, while 
the dihedral angle between the average planes, each containing the Au center and 
the two linearly coordinated carbene rings, is 110.02(2)°. 
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Figure 3.18: Crystal packing of 3cBr and polymer. View along the crystallographic b axis. 
 
 
Figure 3.19: Crystal packing of 3cBr and polymer. View along the crystallographic a axis. 
 
The gold(II) complexes 3bX (X = Cl, Br) are not stable in acetonitrile solution and 
could be involved in disproportionation processes. In fact, for example, the crude 
reaction mixtures 3bCl/3cCl in 9/1 ratio obtained upon PhICl2 oxidative addition to 3 
(Scheme 3.10), reacts in ca. 12 hours to give a mixture of 3/3bCl/3cCl in 2/3/5 ratio 
(Scheme 3.11). 
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Scheme 3.11: Disproportionation reaction observed for complex 3bCl. 
 
The same process was observed for the mixture 3bBr/3cBr (9.5/0.5 ratio) even if in 
the case of the bromo derivative the disproportionation process is slower than in 
the chloro one. The reactivity of propylene bridged gold(II) complexes (3bX type) will 
be further discussed in Section 3.4. It can be anticipated that complexes 3bX (X = Cl, 
Br) are stable in the presence of an excess of halogen, thus preventing to obtain the 
completely oxidized complexes 3cX type in a pure form.  
 
The same behavior in acetonitrile solution was observed for the gold(II) complexes 
5bBr and 5bCl but the disproportionation reactions are even faster for these 
complexes, characterized by the o-xylylene bridge. In the present case it was not 
possible to isolate the gold(II) complex in pure form because, while the mixtures 
5bX/5cX (X = Cl, Br) are relatively stable in the solid state, in deuterated acetonitrile 
solution they evolve in few hours to give a mixture of products 5/5aX/5cX (X = Cl, 
Br). In this case, treatment of the 5/5aX/5cX (X = Cl, Br) mixture with a further excess 
of oxidant (PhICl2 or Br2) allows the synthesis of pure 5c
X (X = Cl, Br) as reported in 
Scheme 3.12 and Figure 3.20 for the mixture 5bBr/5cBr. Complexes 5aX (X = Cl, Br) 
are mixed valence Au(I)/Au(III) complexes, formally deriving from a 
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disproportionation process of complexes 5bX (X = Cl, Br). The identification of these 
species has been carried out through 1H, 13C{1H} and 2D NMR experiments; in 
particular two sets of signals relative to the two different imidazol-2-ylidene rings 
are present. In the 13C{1H} NMR spectra of the 5aX (X = Cl, Br) complexes two 
different signals are present for the carbene carbon, one around 180 ppm and one 
around 150 ppm in agreement with the presence of a di(NHC) ligand coordinated to 
two gold centers in different oxidation states. In particular the mentioned signals 
are found at 154.2 and 185.6 ppm for 5aCl and at 151.8 and 185.4 ppm for 5aBr. It 
must be remarked that the formation of mixed valence species (naX type) was never 
observed for propylene bridge complexes. This is an important difference in the 
reactivity between the o-xylylene and the propylene bridge complexes. 
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Scheme 3.12: Oxidative addition of Bromine to complex 5: Reactivity and evolution of the 
obtained species. 
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Figure 20: 1H NMR spectra obtained in the different synthetic steps described in Scheme 
3.12. 5 (*), 5bBr (◊), 5cBr (), 5aBr (●). 
 
More information on gold oxidation state in the obtained o-xylylene bridged 
complexes 5iBr type (i = b, c) derives from XPS analysis of the solid samples 5, 5cBr 
and the mixture of two complexes, 5bBr/5cBr, which reveals as expected the 
presence of gold in different oxidation states (Figure 3.21). The binding energies 
(BEs) of the Au 4f core level for 5 complex (85.3 and 89.0 eV for Au 4f7/2 and 4f5/2, 
respectively) are characteristic of Au(I).86, 92 Concerning the 5cBr sample, the higher 
BEs of the main peaks at 87.7 and 91.4 eV (for Au 4f7/2 and 4f5/2, respectively) are 
indicative of the presence of Au(III) centres, 86, 92 while the small contributions at 
lower BEs (85.6 and 89.3 eV for Au 4f7/2 and 4f5/2, respectively) are due to Au(I) 
deriving from the low stability of Au(III) under the X-ray beam. XPS measurements 
as a function of exposure time, in fact, were used in the past to differentiate 
between Au(I) and Au(III).92 Three different Au 4f doublets are evident in the sample 
5bBr/5cBr: besides the small contributions of Au(I) due to the above cited sample 
instability to the X-ray beam, the main peaks are an overlap of two doublets (see 
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Figure 3.21 and Table 3.10). The contributions at higher BEs are the same as those 
observed in the 5cBr complex suggesting the presence of Au(III). The contributions 
at 86.9 and 90.6 eV (for Au 4f7/2 and 4f5/2, respectively) are comparable with those 
reported in literature for Au(II) complexes.93 The atomic amounts of different gold 
species are also obtained from XPS analyses and are summarized in Table 3.10. It is 
worth nothing that the atomic ratio between Au(II) and Au(III) in 5bBr/5cBr is around 
1 confirming the presence of similar amount of the two complexes as above 
evidenced by NMR results. 
 
 
Figure 3.21: Au 4f XP peaks: 5 (black solid line), 5cBr (grey solid line), 5bBr/5cBr (light gray 
solide line). Fitting of Au 4f peaks of 5cBr and 5bBr/5cBr were also reported. 
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Table 3.10: Au 4f peak positions (Binding Energy, eV) and atomic %. 
Sample Au 4f7/2 Au 4f5/2 % 
5 85.3 Au(I) 89.0 Au(I) 100 
5cBr 
85.6 Au(I) 
87.7 Au(III) 
89.3 Au(I) 
91.4 Au(III) 
13.4 
86.6 
5bBr/5cBr 
85.4 Au(I) 
86.9 Au(II) 
87.9 Au(III) 
89.1 Au(I) 
90.6 Au(II) 
91.6 Au(III) 
8.5 
43.9 
47.6 
 
3.4 Investigation on the oxidative addition reaction mechanism 
As shown in the previous sections (3.1-3.3), oxidative addition of halogen to the 
gold(I) di(NHC) complexes 1-8 leads almost in every case to the formation of the 
corresponding gold(III) di(NHC) complexes (ncX type) (Scheme 3.13). 
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Scheme 3.13: Possible equilibria involved in the oxidative addition of halogen to the gold(I) 
diniclear complexes 
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Few exceptions are observed, namely, in the iodine oxidative addition to complex 1, 
in which the only isolated product is the gold(I)/gold(III) mixed valence complex 1aI, 
and in the chlorine and bromine oxidative addition to complexes 3 and 5 in which a 
mixture of gold(II) (nbX type) and gold(III) (ncX type) complexes is formed (Table 
3.11). In all these cases the partially oxidized complexes (1aI, 3bCl, 3bBr, 5bCl and 
5bBr) cannot be converted in their fully oxidized analogues (ncX type) by simply 
adding an excess of halogen. The whole of these results suggests that the molecular 
structure of the starting gold(I) di(NHC) complexes 1, 3 and 5 allows to stabilize the 
unconventional oxidation states gold(I)/gold(III) (complex 1) and gold(II) (complexes 
3 and 5). In particular the nature of the bridge between the two imidazole 2-ylidene 
rings in the di(NHC) ligand appears to strongly influence the interaction between 
the two gold centers which determines the properties and the reactivity of the 
dinuclear gold complexes. 
We decided indeed to investigate more deeply the reactivity of these systems by 
varying for example the reaction conditions of the oxidative addition, with 
particular attention to the halogen/complex molar ratio (Figure 3.22 and 3.23).  
 
Table 3.11: Complexes 1-7 oxidative addition of halogen reaction 
output. Reaction conditions: CH3CN, X2 (X = Cl, Br, I), [X2]/[Au2] = 2.4, 
r.t., 16h. 
Halogen  
(X2) 
Complex 
PhICl2 Br2 I2 
1 1cCl 1cBr 1aI 
2 2cCl 2cBr 2cI 
3 
3bCl (90%) 3bBr (95%) 
3cI 
3cCl (10%) 3cBr (5%) 
4 4cCl 4cBr 4cI 
5 
5bCl (37%) 5bBr (50%) 
5cI 
5cCl (63%) 5cBr (50%) 
6 6cCl 6cBr 6cI 
7 7cCl 7cBr 7cI 
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Figure 3.22: Addition of PhICl2 to 1-7 at different [PhICl2]/[Au2] ratios. 
  
Chapter 3: RESULTS AND DISCUSSION 
 
127 
 
  
  
 
Figure 3.23: Addition of Br2 to 1-7 at different [Br2]/[Au2] ratios. 
 
Figures 3.22 and 3.23 report the product distributions, determined via 1H NMR, 
obtained in the oxidative addition of chlorine and bromine to the gold(I) di(NHC) 
complexes 1, 2, 4, 6 and 7 in CD3CN, using different halogen/complex molar ratio. 
Complex 3 shows a completely different reactivity with respect to the other 
complexes and for this reason it will be discussed separately. In the oxidation of 
complexes 1, 2, 4, 6 and 7, three product are observed when the reaction is 
conducted with a molar ration [Br2]/[Au2] < 2 and are respectively the gold(I) 
di(NHC) starting complex, the gold(III) complex (ncX type) and the mixed valence 
gold(I)/gold(III) complex (naX type). It is interesting to note that for complexes 1 and 
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2 at the molar ratio [X2]/[Au2] = 1 (X = Cl, Br) the main product is the mixed valence 
complex (type naX) while the oxidation of the second metal center, that leads to the 
formation of the ncX product type, is observed only in the presence of a molar ratio 
[X2]/[Au2] > 1 (X = Cl, Br). This indicates that for gold(I) di(NHC) complexes with 
di(NHC) ligands characterized by a short and low flexible bridging group, the 
formation of the gold(III) di(NHC) complexes (ncX type) is not favored, probably as a 
consequence of the steric hindrance between the two tetracoordinated square 
planar gold(III) centers. The formation of the less hindered mixed valence complex 
(naX type) is thus favored as shown and demonstrated in the structures solved for 
1aBr (1aBr-n and 1aBr-p) and for 1aI (1aI-n and 1aI-p). 
For complexes 4, 6 and 7 characterized respectively by butylene, m-xylylene and p-
xylylene bridged di(NHC) ligands the formation of the fully oxidized product (ncX 
type) is observed even at a molar ratio [X2]/[Au2] = 1 (X = Cl, Br). The increase of the 
distance between the two metal centers decreases the steric repulsion between 
them thus leading to a more stable gold(III) complex (ncX type). 
These observations can be quantified by evaluation of the relative equilibrium 
concentrations of n, naX and ncX, which can be introduced in the equilibrium 
constant of the disproportonation reaction of naX, K = [ncX][n]/[naX]2. 
 
2 naX      ncX   +   n 
 
The K value may be taken as a measure of the relative stability of the Au(III) and of 
the mixed valence Au(I)/Au(III) complex and, as a consequence, of how the gold 
centers influence each other in the two successive oxidative addition of halogens. 
As reported in Table 3.12 for the reaction  of complexes 1-7 with PhICl2 and Br2 the 
K value is always < 1 thus indicating that oxidative addition to the first gold(I)  
center makes addition to the adjacent gold(I) thermodynamically unfavored. 
Furthermore, looking at the K values obtained for the different dinuclear 
complexes, it is possible to note that by increasing the distance between the two 
gold(I) centers the K value markedly increases from < 0.01 (complex 1) up to 0.75 
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(complex 7), thus suggesting that for the latter complex the steric interaction 
between the two gold centers is minimized. 
 
Table 3.12: K values obtained for complexes 1, 2, 4, 6 and 7 in the oxidative 
addition of Cl2 and Br2. 
 Complex 
 1 2 4 6 7 
K (PhICl2) < 0.01 0.03 0.04 0.22 0.75 
K (Br2) < 0.01 < 0.01 0.03 0.14 0.81 
 
From the values reported in Table 3.12 we can conclude that the stability of the 
gold(III) complexes decreases in the order 7cX > 6cX > 4cX > 2cX > 1cX. 
The same trend is found in the electrochemical characterization of the gold(III) 
di(NHC) complexes (ncX type). In particular the electrochemical study was carried 
out on the gold(III) complexes 1cBr, 2cBr and 6cBr. The cyclic voltammetries of the 
complexes were recorded in the same experimental condition used for the gold(I) 
di(NHC) complexes (1-8) and P1-P4 (Section 2.3), but the concentration was 
lowered from 1mM to 0.25mM because of the reduced solubility in acetonitrile of 
the gold(III) complexes. 
The cyclic voltammograms of the gold(III) complexes at the scan rate of 0.2 V/s 
show an irreversible cathodic peak in the range 0.12 − -0.03 V, related to the 
reduction to gold(I) (Figure 3.24). In particular this cathodic peak is found at -0.03 V 
for complex 6cBr, 0.01 V for complex 2cBr and 0.12 V for complex 1cBr, thus 
confirming that the most stable gold(III) complexes is the one with the longest 
bridge between the two heterocyclic rings (6cBr in the series of analyzed 
compounds), i. e. the one with the lowest steric repulsion between the two gold(III) 
centers. 
All the complexes present a second very broad (ca. 0.5 V) cathodic peak in the range 
-0.5 − -1.0 V that was not possible to unequivocally attribute; it could be explained 
by the presence of transient species involved in the reductive Au(III)  Au(I) 
process. In fact the reduction of the metal centers, together with the change in their 
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coordination geometry (from square planar gold(III) to linear gold(I)), involves an 
important structural rearrangement for the dinuclear gold complexes. Another 
possible explanation for the observed signal could be passivation from deposition of 
some metallic gold on the surface of the working electrode (GC 3/6).41 No definite 
evidences are actually available to support one of the two alternatives. 
Finally, at a more negative potential a third peak is present, due to the redox couple 
Au(I)/Au(0). This signal is quasi-reversible and is found at the same potential 
observed for the corresponding gold(I) di(NHC) complexes (Section 2.3). 
Looking at the oxidative part, two anodic peaks are present in the range 0.7 − 1.2 V, 
relative to a two steps oxidation process of bromide anions present in solution after 
the reduction of the gold(III) centers to gold(I), as already described by 
Raubenheimer.94 
 
 
Figure 3.24: Cyclic voltammetry of 0.25 mM 2cBr in CH3CN + 0.1 M n-Bu4NPF6 at 0.2 
V/s scan rate; T = 25 °C. 
 
A completely different reactivity is observed during the oxidative addition of 
halogens to complex 3. In this case in fact the formation of the mixed valence 
complexes 3aX (X = Cl, Br) has been never observed: at all the halogen/complex 
molar ratio, the main products (Figure 3.25) are the dinuclear gold(II) complexes 
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3bCl and 3bBr formed together with a minor amount of the gold(III) complexes 3cCl 
and 3cBr. 
 
  
Figure 3.25: Addition of PhICl2 (left) and Br2 (right) to complex 3 at different [X2]/[Au2] 
ratios. 
 
Focusing on the bromine addition to complex 3, rather surprisingly the 3bBr/3cBr 
ratio increases at higher bromine concentrations (Figure 3.25 ([3] = 1.1 mM)). These 
data seem to indicate that the formation of 3bBr and of 3cBr follows two 
independent pathways or, in other words, that the gold(II) complex is not an 
intermediate in the formation of the gold(III) dimer (Scheme 3.14).  
 
N NN N
Au Au
NN NN
(PF6)2
3cBr
3bBr
n
+2Br2
-Br2
+Br2
-2Br2
-Br2
+Br2
N NN N
Au Au
NN NN
(PF6)2
Br Br Br Br
N NN N
Au Au
NN NN
(PF6)2
BrBr
Scheme 3.14: Possible equilibria involved in the oxidative addition of Br2 to complex 3. 
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This has been indirectly checked by reacting 3bBr with bromine: the 1H NMR 
spectrum remains in fact unchanged after 24 hours (Scheme 3.15); furthermore 
solution of 3bBr alone in CD3CN are stable for 24 hours without the growth of new 
species. For longer reaction times (weeks or months) a slow disproportionation 
process, that leads to the formation of 3 and 3cBr from 3bBr is observed, as 
described in the previous section 3.3 3bBr is relatively stable also in the bromide 
halogen transfer reaction using the gold(I) complex 3 as halide acceptor. 
 
N NN N
Au Au
NN NN
(PF6)2
3bBr
Br2
CD3CN
r.T., 24 h
Br Br no reaction
N NN N
Au Au
NN NN
(PF6)2
3bBr
Br Br
N NN N
Au Au
NN NN
(PF6)2
3
+
r.T., 24 h
no reaction
CD3CN
a)
b)
Scheme 3.15: Reactivity tests on complex 3bBr. 
 
In order to understand the mechanism of the oxidative addition reaction, we 
choose to study more deeply the reactivity of complexes 1 and 3, which present a 
markedly different behavior. Complex 1 affords the gold(III) complex via the mixed 
valence complex intermediate (1aBr); the concentration profiles (Figure 3.23) of the 
involved species clearly show that the oxidative addition on the second gold center 
starts only when the first one is completed thus in principle suggesting a slower rate 
of the second addition. However, the equilibration between the various species is 
fast, for example 1 reacts in 3-5 min. with 1cBr to give quantitative formation of the 
mixed valence complex 1aBr. We cannot exclude that the rates of the two successive 
oxidative additions are comparable and that the exclusive formation of 1aBr 
observed with [Br2]/[1] = 1 results from a coproportionation reaction (Scheme 
3.16). 
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(PF6)2
1
+
N NN N
Au Au
NN NN
(PF6)2
1cBr
Br Br Br Br
R.T., 3-5 min.
CD3CN
N NN N
Au Au
NN NN
(PF6)2
1aBr
Br Br2
 
Scheme 3.16: Coproportionation reaction between 1 and 1cBr to give 1aBr. 
 
By contrast the oxidation of complex 3 with bromine gives mainly the gold(II) 
dinuclear complex 3bBr even in large excess of bromine. 
The rate of bromine oxidative addition to the gold(I) complexes 1 and 3 also is very 
different: a competition experiment (Scheme 3.17) employing bromine in a sub-
stoichiometric amount has let to the fast formation (3-5 min) of 3bBr and 3cBr in 
25/10 ratio, while 1 remains unreacted. The resulting reaction mixture is stable for 
at least one day. 
 
N NN N
Au Au
NN NN
(PF6)2
3
0.5 Br2
CD3CN
R.T., 3-5 min.
N NN N
Au Au
NN NN
(PF6)2
1
+
N NN N
Au Au
NN NN
3 (0.12)
N NN N
Au Au
NN NN
(PF6)2
1 (0.50)
(PF6)2
N NN N
Au Au
NN NN
3bBr (0.27)
(PF6)2
N NN N
Au Au
NN NN
3cBr (0.11)
(PF6)2
Br Br Br Br Br Br
Scheme 3.17: Competitive experiment of oxidative addition of Br2 to complexes 1 and 3. 
 
The gained "apparent" information is: complex 3 with the propylene bridge reacts 
faster ( 20 times) than complex 1 with the methylene one; at low bromine 
concentration also the formation of 3cBr becomes important; complexes 3bBr and 
3cBr do not react with 1. In another experiment complex 1cBr acts as an oxidant 
toward complex 3, giving exclusively a mixture 3bBr/3cBr in 1/4 ratio (Scheme 3.18). 
This last observation suggests a higher stability of the 3cBr complex compared to 
1cBr, and this will be further confirmed by the DFT calculations reported at the end 
of this section. 
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R.T., 3-5 min.
CD3CNBr Br Br Br
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Au Au
NN NN
(PF6)2
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NN NN
3cBr (0.42)
(PF6)2
Br Br Br Br Br Br
 
Scheme 3.18: Reactivity of complex 3 in the presence of 1cBr. 
 
To gain more insight on the relative stability of the possible products of bromine 
oxidative addition to gold(I) di NHC complexes, we have performed in collaboration 
with the group of prof. Cavallo of the University of Salerno a computational study. 
In particular we were interested in studying how the relative stability of the possible 
products (naX, nbX and ncX type) can be influenced by the structure of the di(NHC) 
ligand employed. For this reason we decided to investigate the system in which the 
interaction between the two gold centers is maximized, in particular the oxidized 
form of complexes 1 and 3. 
For the analyzed systems geometries were optimized with the PBE0 functional using 
the quasirelativistic SDD/ECP basis set for Au and the SVP basis set for main groups 
atoms. The reported energies have been obtained through single point energy 
calculations on the optimized geometries using the PBE0 and M06 functionals, the 
latter currently considered as one of the best performing functionals, using the 
larger TZVP basis set for main group atoms. Solvent effect, CH3CN, was included 
with the continuus solvation model PCM. The energies of the various species are 
reported in Table 3.13. 
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Table 3.13: Calculated energies for the series of complexes n, naBr, nbBr and ncBr (n 
= 1, 3). 
 1 3 
 PBE0 M06 PBE0 M06 
n 0 0 0 0 
n’ n.a. n.a. -2.1 0.5 
naBr -21.0 -17.9 -28.8 -18.2 
nbBr -12.4 -3.6 -27.9 -21.0 
ncBr -38.9 -32.6 -53.8 -39.2 
 
We first analyzed the Au(I) complexes 1 and 3, and we found that two different 
conformations, very similar in energy, are possible for the more flexible complex 3. 
The new conformation, labeled 3’, has been obtained starting the geometry 
optimization from the conformation of the Au(II) complex 3bBr, after removal of the 
Br atoms. The conformation 3’ is similar to the structure determined by Vicente et 
al for complex 3 with OTf- anions and discussed in Section 2.1.70 Both the 
considered functionals predict 3 and 3’ to be very close in energy, with 3 slightly 
more stable than 3’ according to the M06 functional. This can be explained by 
considering that the M06 functional is known to reproduce much better π–π 
stacking interaction, as those present between the NHC rings in 3. Beside this 
finding, the DFT optimized Au-Au distances in 1, 3, 1aBr, 3bBr and 3cBr, 3.46, 3.49, 
3.82, 2.64 and 6.24 Å respectively, are in reasonable agreement with the distances 
determined with the X-ray structures, 3.54, 3.28, 3.68, 2.58 and 6.32 Å. 
Focusing on the relative stability of the Br2 adducts, the Au(III)/Au(III) systems 1c
Br 
and 3cBr are the most favored species for both systems, which is in good agreement 
with the experimental result that Br2 excess drives to quantitative formation of the 
Au(III)/Au(III) complexes. This conclusion is independent from the functional 
considered, although the PBE0 functional clearly favors the Au(III) oxidation state 
with respect to the M06 functional. 
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Moving to the systems naBr and nbBr, resulting from addition of a single Br2 
molecule to n, the two complexes show a different behavior (Figures 3.26 and 
3.27). The Au(II)/Au(II) complex 1bBr is only 12.4 kcal/mol (3.6 kcal/mol for the M06 
functional) more stable than the starting complex 1 + Br2. Considering an 
unfavorable entropic contribution of roughly 10 kcal/mol, the calculated numbers 
suggest that formation of 1bBr is thermodynamically unfavorable. This is consistent 
with the experimental evidence that the only product deriving from addition of one 
Br2 molecule to 1 is the Au(I)/Au(III) complex 1a
Br. The latter is more stable than 1 + 
Br2 (21 and 18.2 kcal/mol form PBE0 and M06 functional respectively), in 
agreement with the experimental quantitative formation of 1aBr as one equivalent 
of Br2 is added to 1. 
Moving to system 3 the single Br2 addition products 3a
Br and 3bBr have a rather 
similar energy with both functionals, although 3aBr is favored by 1 kcal/mol at the 
PBE0 level, while 3bBr is favored by 2.8 kcal/mol at the M06 level. Again, this 
difference could be explained considering the stabilizing π–π stacking interaction 
between the NHC rings in 3bBr, properly considered by the M06 functional. The M06 
results are more consistent with the experimental results, which indicate 
simultaneous formation of 3bBr and 3cBr, as Br2 is added to the gold(I) complex 3, 
with no evidence of 3aBr formation. However, at the moment we cannot exclude 
that 3aBr is formed as a transient species, rapidly evolving to 3bBr or to 3cBr by 
reaction with another Br2 molecule. 
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Figure 3.26: Energy of the complexes 1, 1aBr, 1bBr and 1cBr calculated with the M06 
fuctional. 
 
  
Figure 3.27: Energy of the complexes 3, 3aBr, 3bBr and 3cBr calculated with the M06 
fuctional. 
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In conclusion, these computational studies confirm that the 1aBr and 3bBr species 
are the preferred intermediate species in the oxidative addition reaction of bromine 
to the corresponding gold(I) complexes. 
A similar study was recently reported by Hemmert et al.95 with dinuclear gold(I) 
complexes with the same type of methylene and propylene bridging di(NHC) 
ligands. The only varied parameter from a computational point of view was the 
different nitrogen wingtip substituent (H or CH2C(CH3)2OH) instead of CH3. The 
formation of the gold(III) complex (ncBr type) is exergonic also in this study and it 
seems more favourable in the case of the propylene bridged complex. After the 
addition of the first halogen molecule the structure of a stable mixed valence 
intermediate (naBr type) can be optimized and its stabilization is comparable for the 
methylene and propylene bridges as observed in our case (Table 3.13). At the same 
time they were unable to optimize the structure of a gold(II) complex (nbBr type) 
with the methylene bridging group because it evolves leading to the mixed valence 
complex (naBr type) intermediate. This is in agreement with our results on complex 
1, for which the stabilization of the gold(II) species (1bBr) is very small (Table 3.13), 
whereas in the case of the propylene bridged complex 3 we observed for 3bBr a 
slightly greater stabilization than 3aBr. This is in line with the experimental result 
that complex 3aBr is never observed in the bromine oxidative addition to complex 3 
 
3.5 Preliminary results on the HCl oxidative addition to the gold(I) di(NHC) 
complexes 1 and 3 
As reported in the introduction, the oxidative addition of HX can be considered one 
of the reaction steps in the HX splitting to obtain the high-added value molecules H2 
and X2. 
In a first attempt, no HCl oxidative addition reaction was observed by adding 
commercially available HCl in dioxane 4M to an acetonitrile solution of complex 1 or 
3 (Chart 3.2) at room temperature ([HCl]/[complex] ≈ 300-350). 
 
Chapter 3: RESULTS AND DISCUSSION 
 
139 
 
N N N N
N N N N
Au Au
(PF6)2
N N N N
N N N N
Au Au
(PF6)2
1 3  
Chart 3.2: complexes 1 and 3. 
 
By raising the temperature to 50°C for 24h a very small amount of Au(II) oxidized 
product (3bCl) has been detected only in the case of complex 3. To overcome the 
low solubility of the gold complexes in acetonitrile/dioxane mixtures we have 
prepared a 1.4 M solution of HCl in CD3CN (by bubbling of gaseous HCl into CD3CN). 
The oxidative addition reaction was then run under stirring in a series of 4 mL vial at 
80 °C using 1 mL of 1.4 M HCl in CD3CN and an [HCl]/[complex] ratio ≈ 300 
([complex] ≈ 4 mM). The reaction was stopped at different times in the single vials, 
and the mixture was cooled down and directly transferred into an NMR tube (Figure 
2.28). Complex 1 was still unreactive in the HCl oxidative addition while complex 3 
gives products 3bCl or 3cCl (Chart 3.3) depending on the reaction time. 
 
N N N N
N N N N
Au Au
(PF6)2
3cCl
N N N N
N N N N
Au Au
(PF6)2
3bCl
Cl Cl Cl Cl Cl Cl
 
Chart 3.3: complexes 3bCl and 3cCl. 
 
No gold-hydride complexes have been identified, probably because of the low 
stability of the Au(II or III)-H bond under the reaction conditions selected.96 
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Figure 3.28: Product distribution observed in HCl oxidative addition to 3 at different 
reaction times. 3 (in blue), 3bCl (in pink) and 3cCl (in green). Reaction conditions: [HCl] = 1.4 
M, [3] = 4 mM, T = 80 °C. 
 
The formation of the oxidized species 3bCl and 3cCl was confirmed by 1H NMR 
spectroscopy and also by the ESI-MS analysis performed on the product isolated 
from the reaction mixture obtained after 5 hours. In the ESI-MS spectra are present 
the signals relative to the species [AuIII2L
3
2Cl4PF6]
+, [AuIII2L
3
2Cl4]
2+, [AuII2L
3
2Cl2PF6]
+ 
and [AuII2L
3
2Cl2]
2+. 
The first important evidence is that only complex 3 is reactive under these 
conditions; this seems to indicate that only the complexes capable of giving 
Au(II)/Au(II) species react with HCl. Moreover the reaction affords predominantly as 
final product the Au(III)/Au(III) complex 3cCl while in the case of Cl2 addition the 
main product was the gold(II) di(NHC) complex 3bCl (Table 3.11). The conversion of 
3bCl into 3cCl (never observed in the case of Cl2 addition) may be ascribed to the 
higher temperature at which the reaction is performed (80 °C versus room 
temperature). The reaction profile (Figure 3.28) suggests that at this temperature 
the gold(II) initially formed undergoes a slow disproportionation (Scheme 3.19 and 
3.20) with final complete oxidation of the gold centers. 
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Scheme 3.19: 3bCl disproportionation reaction. This reaction is very slow at room 
temperature but when the temperature is raised it can become appreciable. 
 
The reaction stoichiometry implies the formation of diyhdrogen as the consequence 
of the oxidative addition of HCl, but at the moment this has not been 
experimentally verified. 
 
In order to close the catalytic cycle for the HCl splitting the formed gold(III) complex 
should reductively eliminate Cl2 forming the initial catalytic gold(I) complex. This 
step usually required an halogen trap and for this reason we have studied the 
reactivity of complexes 1cBr and 3bBr in the presence of DMBD, an olefin capable of 
efficiently reacting with halogens.97 The reaction mixture after 2 days at 45 °C 
presents mainly of the gold(I) species thus indicating that these complexes can be 
employed as catalysts in HX splitting reactions under appropriate experimental 
conditions (see Table 6.16). 
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Chapter 4: RESULTS AND DISCUSSION:  
 
SYNTHESIS AND REACTIVITY OF SILVER AND GOLD 
COMPLEXES WITH NOVEL di(NHC) LIGANDS OBTAINED VIA 
CLICK REACTION 
 
The copper(I) catalyzed alkyne azide cycloaddition is a very efficient coupling 
reaction and allows the introduction of different functional groups in a molecule 
through the formation of a 1,4-disubstituited-1,2,3 triazole ring.98 Since its 
development by Meldal and Sharpless, it has become a very useful tool in organic 
synthesis with applications which span from biomolecular chemistry to material 
science.99 The CuAAC reaction can be performed under a wide range of reaction 
conditions affording the desired product in good yield provided that the copper is 
present in the oxidation state Cu(I). This is the reason why use of a Cu(II) source 
with addition of a reducing agent has been one of the preferred methods to 
perform this reaction and it is also the method used in this work.  
 
4.1 Synthesis of the diimidazolium salts H2L
16, H2L
17, H2L
18, H2L
19 
Synthesis of 1,1’-dimethyl-3,3’-propylene-5,5’-(trimethylsilyl)ethynyl-diimidazolium 
dibromide (H2L
16) proceeds according to the reported amine quaternarization 
reaction conditions and affords product H2L
16 in good yield (Scheme 4.1).100 
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(Br)2
N N
TMS
N N
TMS
CH3CN
75°C, 16 h
N N
TMS
+
Br Br
(2 eq)
H2L
16 (85%)  
Scheme 4.1: Synthesis of diimidazolium salt H2L
16 bearing two TMS protected alkyne 
moieties in position 5 of the imidazolium rings. 
 
Ligand functionalization via CuAAC reaction and metal complex formation are 
separated events so that in principle it is possible to functionalize the ligand after 
the formation of the complex. Introduction of a functional group in the already 
coordinated ligand presents the advantage of preserving it from the forced reaction 
conditions often associated with the metalation step.101 Unfortunately attempts of 
deprotonating compound H2L
16 by a mild base (NaOAc) in the presence of the gold 
precursor AuCl(SMe2) did not afford the expected gold(I) complex, as reported in 
Scheme 4.2, but an insoluble solid was isolated. 
 
N N
TMS
N N
TMS
AuCl(SMe2), NaOAc
DMF, 120°C, 2h
(Br)2
N N
TMS
N N
TMS
N N
TMS
N N
TMS
Au Au
(Br)2
H2L
16
 
Scheme 4.2: Using the reported reaction conditions it is not possible to deprotonate the 
bis-imidazolium compound H2L
16 to obtain the corresponding dinuclear gold(I) complex. 
 
Following the reaction in NMR tube we found indeed that in presence of NaOAc the 
alkyne protecting TMS group is removed even at room temperature (Scheme 4.3), 
this probably promotes side reactions that could lead to the formation of gold-
alkynil or polymeric species when the temperature is raised.102 
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(Br)2
N N
TMS
N N
TMS
NaOAc (6 eq)
DMSO-d6, 20°C, 0.5 h
(Br)2
N N N N
H2L
16 H2L
17
 
Scheme 4.3: The presence of a base in the reaction mixture catalyzes the deprotection of 
the alkyne moieties as shown in this reaction test performed in a NMR tube. 
 
For this reason, we decided to follow a different synthetic approach and to 
functionalize the proligand before complexation. The deprotection of the alkyne 
moieties was achieved by reaction with silver(I) oxide in water and subsequent 
anion metathesis reaction with NH4PF6.
103 The employment of other protocols to 
remove the trimethylsilyl protecting group results in a decomposition of the starting 
materials (Scheme 4.4). The two CuAAC reactions affording proligands H2L
18 and 
H2L
19 proceeded with good yields to give the target compounds after a simple 
extraction with CHCl3 (Scheme 4.5). The 1-azido-11-methoxy-3,6,9-trioxaundecane 
building block was prepared according to literature in a two steps procedure from 
tetraethyleneglycol monomethyl ether, while benzyl azide was used as received 
from the supplier.104 
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N N N N
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(Br)2
N N N N
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H2L
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16
H2L
16 H2L
17
H2L
17
H2L
17 (67%)  
Scheme 4.4: Removal of the TMS protecting groups from diimidazolium salt H2L
16. 
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4.2 Synthesis of novel di(NHC) gold(I), gold(III) and silver(I) complexes from ligand 
precursor functionalized via CuAAC reaction 
Gold(I) carbene complexes were obtained by deprotonation of the azolium salts 
with a mild base (NaOAc) in the presence AuCl(SMe2) as gold precursor. These 
gold(I) complexes are soluble in polar organic solvents like DMSO and CH3CN, a 
schematic representation of the synthesis of gold(I) di(NHC) complexes is given in 
Scheme 4.5. 
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Scheme 4.5: Up: synthesis of the diimidazolium salts H2L
18 and H2L
19 via CuAAC. Down: i) 
synthesis of the gold(I) complexes 18 and 19 obtained after direct deprotonation of the 
diimidazolium salts H2L
18 and H2L
19; ii) oxidation of the gold(I) complexes to gold(III) 
complexes 18cI and 19cI via I2 oxidative addition. 
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In the 1H NMR spectra the disappearance of the C2-H signal is indicative of the 
deprotonation of the diimidazolium salt. The formation of the carbene complex is 
confirmed by the 13C NMR spectra in which the C2 resonance is located in the typical 
range of carbene carbons bound to gold(I) centers (180-190 ppm), in particular 
185.3 ppm for both 18 and 19. The dinuclear structure of the di(NHC) complexes is 
supported by mass spectroscopy measurements (ESI-MS) which show the peaks 
relative to the [Au2L2PF6]
+ and [Au2L2]
2+ fragments. 
The gold(III) complexes 18 and 19 were synthesized by addition of iodine to an 
acetonitrile solution of the corresponding gold(I) di(NHC) complexes (Scheme 4.5). 
The products are orange solids, soluble in common polar organic solvent (CH3CN, 
DMSO). The 1H and 13C{1H} NMR spectra indicate that the highly symmetric 
structure is maintained upon oxidation. The oxidation of the metal center is 
confirmed by the shifts observed in the 1H and 13C{1H} NMR spectra in CD3CN. 
Specifically, the 1H signal of the hydrogen atom of the imidazole backbone is slightly 
shifted downfield in comparison with that of the corresponding gold(I) complex. The 
same shift is observed also in the 13C{1H} NMR spectra for the corresponding C4 
carbon atom. Nolan et al. have postulated that the higher Lewis acidity of the 
gold(III) vs gold(I) metal center induces a greater delocalization of the electronic 
density from the C4-C5 double bond to the carbene carbon atom.
83 This explanation 
also justifies the upfield shift observed for the carbene carbon resonance, from ca. 
185 ppm for NHC-Au(I) to ca. 145 ppm for NHC-Au(III) complexes. The dinuclear 
structure of the gold(III) di(NHC) complexes has been confirmed by mass 
spectroscopy measurements (ESI-MS) which present the peaks relative to the 
[Au2L2I4PF6]
+ and [Au2L2I4]
2+ fragments.  
The choice of I2 as oxidant is due to two reasons: 
1. As reported in Section 3.3 when a di(NHC) gold(I) complex with a propylene 
bridge in its structure (like complex 3) is oxidized with chlorine or bromine a 
mixture of a gold(II) and a gold(III) complex is found. When I2 is employed as 
oxidant only a gold(III) complex is formed. 
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2. Potentially the oxidative addition can be performed with labeled iodine to 
obtain complexes with novel application in radio-medicine.105 
 
Finally the synthesis of silver(I) complex 20 was achieved by reaction of the 
diimidazolium precursors H2L
18 with Ag2O in acetonitrile at 60°C for 16 h (Scheme 
17). Also in this case the absence in the 1H NMR spectrum of the C2-H signal is 
indicative of deprotonation. It was not possible to observe the carbene carbon 
signal in the 13C NMR spectrum presumably for the well recognized fluxional nature 
of the silver(I)-NHC complex.106 However, the dinuclear structure of the silver(I) 
di(NHC) complex has been confirmed by mass spectroscopy measurements (ESI-MS) 
which present the peaks relative to the [Ag2(di(NHC))2PF6]
+ and [Ag2(di(NHC))2]
2+ 
fragments. 
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Scheme 4.6: Synthesis of the dinuclear silver(I) complex 20. 
 
4.3 In vitro Cytotoxic activities 
Antiproliferative activities of complexes 11, 18cI and 19cI and of previously 
synthesized complexes 3 and 3cI (Chart 4.1) were measured on a panel of different 
human tumor cell lines (MCF7, HCT116, PC3 and SK-OV3) and on two non-cancer 
cell lines (MCR5 and EPC).  
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Chart 4.1: complexes 3 and 3cI. 
 
The half inhibitory concentration (IC50) induced by these compounds are shown in 
Table 4.1. Gold(I) di(NHC) complexes have been found to be not active at all 
whereas gold(III) di(NHC) complexes present an activity comparable to cisplatin. 
 
Table 4.1: In vitro cytotoxic activity (IC50 values in μM) of the complexes 3, 3c
I, 11, 
18cI and 19cI against several cell lines. 
 MCF7 HCT116 PC3 Sk-OV3 MRC5 EPC 
3 >100 >100 >100 >100 >100 >100 
3cI 17.4 5.2 20.1 5.6 11.4 21.05 
11 >100 >100 >100 >100 >100 >100 
18cI 4.0 3.9 4.9 5.3 5.2 ≈100 
19cI 0.9 0.8 1.2 2.1 3.8 30.4 
Cisplatin 8.8 3.3 5.1 4.4 8.5  
After 72h of incubation; stock solutions in DMSO for all complexes; stock solutions in H2O 
for cisplatin. MCF7 (breast carcinoma), HCT116 (colon cancer cells), PC3 (prostate 
adenocarcinoma), Sk-OV3 (ovarian cancer cells), MRC5 (human foetus lung cell line) and 
EPC (endothelial progenitor cells). These tests were performed at Institut de Chimie des 
Substances Naturelles CNRS – UPR2301, Gif-Sur-Yvette, France. Values for cisplatin from 
literature.
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The low toxicity showed by the gold(I) complexes is quite unexpected because many 
authors have reported cytotoxic activity studies on gold(I) complexes with NHC 
ligands.56,107,108,109 One explanation of this result could be the stability of the 
metallamacrocyclic structure [AuI2(di(NHC))2]
2+ characterizing these complexes. The 
mechanism of action of gold(I) complexes within the cells often involves the 
substitution of the ancillary ligands by sulfur containing bio-molecules.53, 110 Baker 
et al. showed that similar di(NHC) dinuclear gold(I) complexes (Chart 4.2) are stable 
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in physiological conditions. No reaction was in fact observed with the model 
reduced molecule glutathione (GSH) even after prolonged incubation time,63 thus 
suggesting that the carbene ligand remains coordinated to the metal center and 
that the gold complex retains its structure and coordination state. In this context 
Fregona and co-workers recently reported that gold(III) complexes with 
dithiocarbamate ligands (Chart 4.2) react with glutathione (GSH) to afford its 
oxidized form (GSSG) together with the reduction of the gold(III) complex to a 
gold(I) complex.111 We have reported that our gold(III) di(NHC) complexes are 
stable, but they can undergo reductive processes in the presence of an halogen trap 
(see Section 3.5), as for example an olefin, leading to the formation of the analogue 
gold(I) di(NHC) complexes. For the gold(III) di(NHC) complexes it is reasonable to 
suppose a similar reactivity in the reaction with glutathione. The different 
cytotoxicity  may be explained on the bases of the different reactivity of the gold(I) 
and gold(III) complexes with molecules of biological interest (i.e. analogous to that 
described by Fregona et al.). 
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N
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X = Cl or Br  
Chart 4.2: complexes synthesized by Baker and Fregona.63, 111 
 
Among the analyzed gold(III) di(NHC) complexes 19cI with PEGylated di(NHC) 
ligands is the best performer. Functionalized 18cI and 19cI complexes show a higher 
cytotoxic activity than the non-functionalized 3cI complex against all the cancerous 
cell lines. This is particularly true regarding MCF7 and PC3 cell lines with complex 
19cI showing an IC50 value 19 and 17-fold lower than complex 3c
I. Furthermore it is 
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interesting to note how this trend in IC50 values is reversed in the case of the non-
cancer cell line EPC. Complexes 18cI and 19cI present an higher IC50 value on EPC 
cell line than 3cI. This result indicates that the performed functionalization leads to 
gold(III) di(NHC) complexes which express their cytotoxicity preferentially against 
neoplastic cells. In particular the IC50 value on EPC cell line is averagely 25 times 
higher than on cancerous cell lines both for 18cI and 19cI. Differently for 3cI the IC50 
values are comparable on all the cell lines. 
Both the gold(I) and the gold(III) di(NHC) complexes analyzed in this study are 
dicationic compounds. Consequently they belong to a class of compounds known as 
delocalized lipophilic cations (DLC).56, 110 This type of compounds are studied for 
their ability in readily passing through the lipid membrane of mitochondria and to 
concentrate into these organelles, eventually leading to apoptosis.110 This selectivity 
in targeting mitochondria is a consequence of the large mitochondrial membrane 
potential (m) due to the respiratory chain.
109 It is also known that cancer cells are 
characterized by a higher mitochondrial membrane potential than normal human 
epithelial cells as reported by Chen and coworkers.112 As a consequence tuning the 
lipophilic-hydrophilic properties of the DLC can influence their selectivity in 
accumulate into tumor cells. 
The functionalization of the di(NHC) ligand via click chemistry enhances the 
lipophilic character of the complexes with respect the non-functionalized 3cI 
complex, as a consequence of the introduction of an organic functional group in the 
structure of the complex. In this way it is possible to understand the observed 
differences in the cytotoxic activity of the complexes 18cI, 19cI and 3cI. Complex 18cI 
is functionalized with a benzyl group that increases the lipophilic character of the 
complex compared to 3cI. Complex 19cI is functionalized with PEG chains. PEG 
shows a high solubility both in organic solvent and in water, for this reason and for 
its low toxicity it is largely used as drug carrier.113 Actually it is not surprising that 
the complex functionalized with PEG chains presents the best activity, as 
consequence of its enhanced mitochondrial membrane permeability aptitude. 
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The DLC model allows to understand our results on the cytotoxic activities of 
gold(III) di(NHC) complexes but the mitochondrial induced apoptosis is not the only 
mechanism of action proposed for gold complexes. Accumulation into lysosomes or 
inhibition of the proteasome are alternative reported mechanism.63,114 Furthermore 
it is known that the mechanism of action could depend on the different cell lines. 
The only common feature about the mode of action of gold anticancer drugs is the 
relatively weak interaction with DNA sequences that are the well-known target of 
platinum based drugs.52 
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This research project has shown the richness of the carbene gold chemistry. The 
di(NHC) ligands are easily functionalized changing the bridge linking the two 
imidazole-2-ylidene rings, whose properties, in turn, are tuned by a proper choice of 
the ring substituents. The resulting dinuclear gold complexes are thermally stable 
and exhibit, together with the expected +I and +III oxidation states, also the unusual 
couples +II/+II and +I/+III. 
Furthermore it has been possible to find interesting relations between the structure 
of the complexes and their physico-chemical properties, such as luminescence, 
reactivity toward oxidative addition, electrochemical and thermal behavior. 
The synthesis of novel gold(I) dinuclear complexes with N-heterocyclic di(NHC) 
ligands has been extended and well settled. The first obtained complexes present a 
dinuclear dicationic metallamacrocyclic structure in which the two gold(I) centers 
are linearly dicoordinated, as expected for a heavy metal center in a d10 electronic 
configuration, and they differ mainly for different bridge between the two 
imidazole-2-ylidene rings. 
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Scheme 5.1: General structure of the  gold(I) di(NHC) complexes synthesized in this Thesis. 
 
The properties, in particular the photoluminescence performances, and the 
reactivity of these complexes towards oxidative addition of halogen appear to be 
related to the distance between the two gold centers and, as an extension, to the 
presence of aurophilic interactions. As a support to this hypothesis, complex 3 
characterized by propylene bridge between the two heterocyclic rings and by a 
short Au…Au distance (3.27 Å) exhibits a very strong emission in the solid state (Фem 
= 96%, λmax = 450 nm), while by varying the linking group present in the di(NHC) 
ligand, a drastically reduced emission quantum yield is observed. Thus a short 
Au…Au distance appears a very important, albeit not unique, requisite for good gold 
emitters. 
In addition to the usual structural determination via solid state X-ray, we could 
demonstrate that electrochemical studies represent a useful method to evaluate 
the presence of aurophilic interaction also in solution: indeed, only the gold(I) 
complexes with a relatively strong Au···Au interaction, as complex 3, show two 
clearly separated reduction signals in the cyclic voltammetry experiments. 
 
Apparently, the propylene linker seems to have the right length and flexibility to 
allow the reciprocal approach of the two metal centers in the dinuclear complex for 
the establishment of aurophilic interaction.  
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Remarkably, this conclusion is supported also by the different reactivity shown by 
complex 3 in the halogen (Cl2 and Br2) oxidative addition reaction (vide infra). This 
complex in fact, gives almost exclusively a gold(II) complex, stabilized by a direct 
bond between the two metal centers, even working with an excess of halogen. The 
bond distance between two gold(II) centers is ca. 2.6 Å, and this means that only 
flexible ligands can support this type of gold(II)-gold(II) bond.  
 
The propylene linker was therefore chosen to further investigate the spectra of 
possible application for dinuclear di(NHC) gold(I) complexes. In particular the 
bis(imidazole)propane core was functionalized by introducing either long aliphatic 
chain substituents in the wingtip positions or a triazolic functional group 
(substituted with a benzyl moiety or a PEG chain) in the peripheral ones. 
 
N N N N
OCnH2n+1H2n+1CnO
(Br)2
 
N N N N
N
N
N N
N
N RR
(PF6)2
 
 
The gold complexes obtained with these new ligands present novel properties, and 
in particular complexes with long chain wingtip substituents behave as 
thermotropic materials, while CuAAC functionalized complexes exhibit an enhanced 
cytotoxic activity compared to the unfunctionalized one (complex 3).  
 
Another part of the work has concerned the synthesis of stable dinuclear gold(III) 
di(N-heterocyclic carbene) complexes; they have been successfully obtained via 
oxidative addition of halogen reaction to the corresponding gold(I) di(NHC) 
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complexes. The output of this reaction is influenced by both the structure of the 
di(NHC) ligand employed as well as by the nature of the halogen.  
The most common result in the oxidative addition of halogen, performed with an 
excess of halogen, is indeed the formation of the expected gold(III) dinuclear 
complex. Nevertheless, the stability of the gold(III) complexes is influenced by the 
steric repulsion between the halogens bonded to the two metal centers. A model 
case is represented by the iodine oxidative addition to complex 1; in fact using the 
gold(I) complex with the shortest bridge (a methylene moiety) and the most bulky 
halogen (iodine) it is not possible to achieve the oxidation of both the gold centers 
and, even working in a large excess of halogen, only the mixed valence complex can 
be obtained. 
The reported observations are fully supported by a large number of X-ray structure 
determinations, including the first crystal structures for dinuclear Au(III)/Au(III), 
Au(II)/Au(II) and Au(III)/Au(I) complexes with di(NHC) ligands.  
 
 
 
Finally, preliminary mechanistic studies on the oxidative addition suggest that 
gold(II)/gold(II) and gold(III)/gold(I) complexes might be intermediate species in the 
oxidation of the corresponding gold(I)/gold(I) complexes. The gold(II) complexes are 
characterized by a unusual reactivity, in fact they appear not simple intermediates 
in the synthesis of the gold(III) complexes (ncX type) but rather stable species and 
their formation is a kinetically competitive reaction with respect the formation of 
the gold(III) complexes (ncX type). 
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The availability of dinuclear complexes, in which the gold centers show +I, +II, and 
+III oxidation states of comparable stability, may foresee the possibility of novel 
reactivities, in particular, toward the efficient oxidative addition of very challenging 
molecules like hydrogen halides, to finally give catalytic splitting to H2 and X2. 
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6.1 Materials and methods 
All manipulations were carried out using standard Schlenk techniques under an 
atmosphere of argon or dinitrogen. The reagents were purchased by Aldrich as 
high-purity products and generally used as received; all solvents were used as 
received as technical grade solvents. 
Elemental analysis were carried out by the microanalytical laboratory of the 
Chemical Sciences Department (University of Padova) with a Fisons EA 1108 CHNS-
O apparatus. 
NMR spectra were recorded on a Bruker Avance 300 MHz (300.1 MHz for 1H and 
75.5 for 13C{1H}); chemical shifts () are reported in units of ppm relative to the 
residual solvent signals.  
High-resolution mass spectroscopy (HRSM) analysis were performed in the ESI 
mode using a microTOF instrument (Bruker Daltonics) for complexes 9-14, (9-X)-
(14-X) (X = Br, BF4), 18, 19, 18c
I, 19cI and 20. ESI-MS spectra were recorded on a 
Finnigan Thermo LCQ-Duo ESI-MS for the other complexes. 
XPS spectra were recorded using a Perkin-Elmer PHI 5600 ci spectrometer with a 
standard Al-K source (1486.6 eV) working at 200 W. The working pressure was less 
than 1×10-8 Pa. The spectrometer was calibrated by assuming the binding energy 
(BE) of the Au 4f7/2 line to lie at 84.0 eV with respect to the Fermi level. Extended 
spectra (survey) were collected in the range 0-1350 eV (187.85 eV pass energy, 0.5 
eV step, 0.025 s step-1). Detailed spectra were recorded for the following regions: 
Au 4f, Br 3d, N 1s and C 1s (11.75 eV pass energy, 0.1 eV step, 0.2 s step-1). The 
standard deviation in the BE values of the XPS line is 0.10 eV. The peak positions 
were corrected for the charging effects by considering the C 1s peak at 285.0 eV and 
Chapter 6: EXPERIMENTAL SECTION 
160 
 
evaluating the BE differences. The powder for the XPS analysis was evacuated for 12 
hours at ca. 1×10-3 Pa before measurement. 
Spectroscopic Measurements. Absorption spectra were recorded with a Perkin-
Elmer λ950 or λ650 spectrophotometer. For luminescence experiments, the 
samples in solution were placed in fluorimetric 1-cm path cuvettes and, when 
necessary, purged from oxygen by bubbling with argon, while the solid state 
samples (powder) were placed in between two quartz disks fixed by a dedicated 
metal pincer. Uncorrected emission spectra were obtained with an Edinburgh 
FLS920 spectrometer equipped with a peltier-cooled Hamamatsu R928 
photomultiplier tube (185−850 nm). A Xe900 450 W xenon arc lamp was used as 
exciting light source. Corrected spectra were obtained via a calibration curve 
supplied with the instrument. Luminescence quantum yields (Φem) in solution 
obtained from spectra on a wavelength scale (nm) were measured according to the 
approach described by Demas and Crosby115 using air-equilibrated ([Ru(bpy)3]Cl2 in 
water solution, Φem = 0.028)
116 as standard. Emission lifetimes in the ns-μs range 
were determined with the single photon counting technique by means of the same 
Edinburgh FLS920 spectrometer using a laser diode as excitation source (1 MHz, λexc 
= 407 nm, 200 ps time resolution after deconvolution) and the above-mentioned 
PMTs as detectors, or with an IBH single photon counting spectrometer equipped 
with a thyratron gated nitrogen lamp working in the range 2−40 kHz (λexc = 337 nm, 
0.5 ns time resolution) or by using pulsed NanoLED excitation sources at 278 nm, 
331 nm, 465 nm, and 560 nm (pulse width ≤0.3 ns); the detector was a redsensitive 
(185−850 nm) Hamamatsu R-3237−01 photomultiplier tube. Analysis of the 
luminescence decay profiles versus time was accomplished with the DAS6 Decay 
Analysis Software provided by the manufacturer. To record the 77 K luminescence 
spectra, the samples were put in glass tubes (2 mm diameter) and inserted in a 
special quartz dewar, filled up with liquid nitrogen. For solid samples, Φem have 
been calculated by corrected emission spectra obtained from an apparatus 
consisting of a barium sulfate coated integrating sphere (4 or 6 in.), a He−Cd laser 
(λexc = 325 nm, 5mW) or a 450W Xe lamp (λexc = tunable by a monochromator 
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supplied with the instrument) as light sources, and a R928 photomultiplayer tube or 
a CCD AVA-Spec2048 as signal detectors, following the procedure described by De 
Mello et al.117 Experimental uncertainties are estimated to be ±8% for lifetime 
determinations, ±20% for emission quantum yields, and ±2 nm and ±5 nm for 
absorption and emission peaks, respectively. 
Electrochemical measurements. Voltammetric measurements were performed on 
an Autolab PGSTAT30 potentiostat (Eco-Chimie, Utrecht, Netherlands), controlled 
by a PC through Gpes program. All experiments were carried out in a thermostated 
cell with a glassy carbon working electrode, a Pt counter-electrode and a Ag/AgI/I− 
reference electrode. At the end of each experiment, the potential of the reference 
electrode was measured against the ferrocinium/ferrocene (Fc+/Fc) redox couple, 
used as an internal reference system, and then all potentials were converted into 
the saturated calomel electrode (SCE) scale by using E° Fc+/Fc = 0.39 V vs. SCE. The 
GC electrode was a 3 mm diameter disc embedded in glass, which was fabricated 
from a GC rod (Tokai, GC-20) and polished to a mirror finish with silicon carbide 
papers and diamond paste. Before every experiment it was cleaned by 
polishingwith a 0.25 μm diamond paste followed by ultrasonic rinsing in ethanol for 
about 5 minutes. Controlled-potential electrolyses were carried out on a GC foil 
(Tokai, GC-20) of 4 cm2, cleaned as described above for the GC disc. An EG&G 
Princeton Applied Research apparatus formed by a 173 potentiostat/galvanostat 
and a digital coulometer was used. 
Computational details. The PBE0 and M06 functionals were used in all the 
calculations,118 which have been performed with the Gaussian09 set of programs.119 
The electronic configuration of the molecular systems was described by the 
standard TZVP basis set of Ahlrichs and co-workers for H, C and N.120 For Au we 
used the small-core, quasi-relativistic Stuttgart/Dresden effective core potential 
(standard SDD basis set in Gaussian09) basis set, with the associated triple-ζ valence 
basis set.121 All the time dependent density functional theory (TDDFT) calculations 
were focused on singlet excited states. Both the DFT and TDDFT geometry 
optimization of the singlet ground state and of the singled first excited state were 
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performed without symmetry constrains. Solvent effects, based on the polarizable 
continuum solvation model PCM using acetonitrile as a solvent, were introduced in 
both geometry optimization and in the calculation of the adsorption and emission 
spectra.122 The atomic contribution of single atoms to the molecular orbitals was 
performed in the framework of Mulliken population analysis. 
Thermal analysis. POM observations were performed with a Leitz Orthoplan 
polarizing microscopy equipped with a Mettler FP82 hot stage and a FP80 unit. 
Transition temperatures were measured by differential scanning calorimetry with a 
TA Instruments DSCQ1000 instrument operated at scanning rates of 2 and 5°C min-1 
on heating and on cooling. The TGA measurements were carried out on a SDTQ 600 
apparatus at a scanning rate of 10 C min-1. The XRD patterns were obtained with a 
linear monochromatic Cu K1 beam (=1.5405 Å) using a sealed-tube generator (600 
W) equipped with a bent quartz monochromator. The crude powder was filled in 
Lindemann capillaries of 0.5 mm diameter and 10 µm wall thickness in all cases, 
except 3 for which a cell of 100 µm thickness was used. The initial set of diffraction 
patterns was recorded with a curved Inel CPS 120 counter gasfilled detector linked 
to a data acquisition computer; periodicities up to 70 Å can be measured, and the 
sample temperature controlled to within ±0.01 °C from 20 to 200 °C. Alternatively, 
patterns were also recorded on an image plate; periodicities up to 120 Å can be 
measured (scanned by STORM 820 from Molecular Dynamics with 50 mm 
resolution). Exposure times were varied from 1 to 12 h. 
In vitro cytotoxic activity. Samples were prepared by dissolution of the compounds 
in DMSO at stock concentration of 10 mM. Cells were plated in 96-well tissue 
culture plates in 200 μL complete medium at a density of 1000-2500 cells per well 
and treated 24 hours later with 2 μL of compounds using a Biomek 3000 
automation workstation (Beckman-Coulter). Controls received the same volume of 
the appropriate vehicle (DMSO, 1% final volume). After 72 hours exposure, MTS 
reagent (CellTiter 96 Aqueous One, Promega) was added and incubated for 3 hours 
at 37 °C: the absorbance was monitored at 490 nm and results expressed as the 
inhibition of cell proliferation calculated as the ratio [(1 - (OD490 treated/OD490 
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control)) x 100] in triplicate experiments after subtraction of the blank without cells. 
Positive controls (cells incubated with a reference drug at its IC50 concentration) 
were routinely added to check the responsiveness of cells. For IC50 determination 
[50% inhibition of cell proliferation], cells were incubated for 72 hours following the 
same protocol with compound concentrations ranging 5 nM to 100 μM in separate 
duplicate experiments. At these concentrations, no interferences with Au 
complexes were noted. 
Crystal data for complexes 3bBr, 3cBr/polymer, 6cCl, 3 and 2 were collected on a 
Bruker APEX II single-crystal diffractometer, working with Mo-K graphite 
monochromatic radiator ( = 0.71073 Å) and equipped with an area detector.123 The 
structures were solved by direct methods with SHELXS-97 and refined against F2 
with SHELXL-97,124 using anisotropic thermal parameters for all non-hydrogen 
atoms. The hydrogen atoms were placed in the ideal geometrical positions. For 
complex 3bBr the Flack factor of 0.49(1) suggests the compound is a racemic twin. 
Details for the X-ray data collection are reported in Table 6.1. Crystallographic data 
for all compounds have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publications CCDC 835521 for 3cBr/polymer, CCDC 870466 
for 6cCl, CCDC 835523 for 3, CCDC 859872 for 3bBr. 
For complexes 1aI-yellow, 1aI-red and 3cI selected crystalline specimens were fixed 
on a glass fiber and centered on the goniometer head of a four–circle kappa–
goniometer Oxford Diffraction Gemini E diffractometer, equipped with a 2K × 2K 
EOS CCD area detector and sealed–tube Enhance (Mo) and (Cu) X–ray sources. Data 
collection was performed at about 173 K, by means of ω–scans, using graphite–
monochromated radiation in a 1024 × 1024 pixel mode and 2 × 2 pixel binning. The 
diffraction intensities were corrected with respect to Lorentz and polarization 
effects. Empirical multi–scan absorption corrections, using equivalent reflections, 
were also performed with the scaling algorithm SCALE3 ABSPACK. Raw data 
collection, data reduction and refinalization were carried out with the CrysAlis Pro 
software.125 Accurate unit cell parameters were determined by least–squares 
refinement of 16256 reflections of strongest intensity, picked from the whole 
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experiment. The structure was solved by means of direct methods, using SHELXS126 
and refined by full–matrix least–squares methods based on Fo
2 with SHELXL–97124 in 
the framework of the OLEX2127 software. In the last cycles of refinement, all non-
hydrogen atoms were refined anisotropically, except for the disordered (see below) 
fluorine atoms of an hexafluorophosphate anion; hydrogen atoms were instead 
geometrically placed and refined as riding atoms. In the final stages of refinement, 
it appeared that one of the PF6 anions was affected by disorder, so that some peaks 
appeared in positions compatible with alternate arrangements of F9, F10, F11 and 
F12. A satisfactory model was obtained leaving these atoms as disordered over two 
sites (with occupancies constrained to sum to 1.0). Also the CH3CN crystallization 
molecule showed rather high thermal parameters; however, no special treatment 
was performed in this case and the C19, C20 and N9 atoms were left unsplitted. 
Details for the X-ray data collection are reported in Table 6.2. 
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Table 6.1: Details for the X-ray data collection. 
Complex 
3bBr ∙ 
2CH3CN 
3cBr/polim 
6cCl ∙ 
2CH3CN 
3 2 
Formula 
C22 H32 Au2 
Br2 N8, 2(P 
F6), 2(C2 H3 
N) 
C22 H32 Au2 
Br4 N8 
2(PF6)/C11 H16 
Au1 Br2 N4 
(PF6) 
C36 H42 Au2 
Cl4 F12 N10 P2 
C22 H32 Au2 
N8 2(PF6) 
C20 H28 Au2 
N8 2(PF6) 
Formula 
weight 
1334.36 2118.10 1440.47 1092.43 1064.38 
Crystal 
system 
Monoclinic Triclinic Triclinic Hexagonal ? 
Space 
group 
Cc P-1 P-1 P3212 C 2/m 
a/Å 15.1275(5) 12.6394(5) 7.9435(8) 12.0147(7) 14.608(4) 
b/Å 12.5956(4) 15.0375(6) 11.9782(12) 12.0147(7) 12.990(4) 
c/Å 21.1826(7) 16.4799(7) 13.5287(13) 19.406(2) 8.732(3) 
/°  64.6570(10) 74.3020(10)   
/° 103.166(1) 87.4280(10) 83.0540(10)  115.241(4) 
/°  89.0270(10) 73.9670(10)   
Volume, Å3 3930.0(2) 2827.9(2) 1189.5(2) 2426.0(4) 1498.8(7) 
T (K) 203(2) 203(2) 203(2) 173(2) 293(2) 
Z 4 2 1 3 2 
Dcalc/g cm
-3 2.255 2.487 2.011 2.243 2.359 
F(000) 2520 1968 692 1548 1000 
(Mo-
K)/mm-1 
9.665 12.186 6.539 9.258 9.987 
Reflections 
collected 
30415 45087 19504 39377 12265 
Unique 
reflections 
11545  16582 7282 4984 2407 
Observed 
reflections 
[I > 2(I)] 
8674 
[Rint = 
0.0310] 
10130 
[Rint = 0.0643] 
6645 
[Rint = 
0.0341] 
4372 
[Rint = 
0.0487] 
2210 
[Rint = 
0.0434] 
R [I > 2(I)] 
R1 = 0.0234, 
wR2 = 
0.0478 
R1 = 0.0660 
wR2 = 0.1271 
R1 = 0.0236, 
wR2 = 
0.0593 
R1 = 
0.0260 
wR2 = 
0.0542 
R1 = 
0.0245 
wR2 = 
0.0642 
R [all data] 
R1 = 0.0384, 
wR2 = 
0.0533 
R1 = 0.1178 
wR2 = 0.1447 
R1 = 0.0271, 
wR2 = 
0.0611 
R1 = 
0.0344 
wR2 = 
0.0569 
R1 = 
0.0278 
wR2 = 
0.0657 
R1 = Σ|FO-FC|/Σ(FO); wR2 = [Σ[w(FO
2-FC
2)2]/Σ[w(FO
2)2]]1/2. 
Chapter 6: EXPERIMENTAL SECTION 
166 
 
Table 6.2: Details for the X-ray data collection. 
Complex 3cI 1aI-p 1aI-n 
Empirical formula C24H35N9F12P2I4Au2 C20H27N9F12P2I2Au2 C20H27N9F12P2I2Au2 
Formula weight 1641.08 1331.18 1331.18 
Crystal system orthorhombic monoclinic Monoclinic 
Space group C 2221 P 21 / n P 21 / c 
a/Å 11.2008(4) 12.0550(6) 11.0571(7) 
b/Å 20.4575(8) 15.7501(9) 35.5079(10) 
c/Å 20.0761(9) 17.6435(7) 9.0100(3) 
α/° 90 90.00 90.00 
β/° 90 91.321(4) 97.659(5) 
γ/° 90 90.00 90.00 
Volume, Å3 4600.2(3) 3349.0(3) 3505.9(3) 
Temperature(K) 173(1) 
Z 4 4 4 
Dcalc/g∙cm
-3 1.9183 2.640 2.522 
F(000) 2298.0 2448.0 2448.0 
(Mo-K)/mm–1 9.162 10.788 10.305 
Crystal size/mm 0.24 × 0.15 × 0.08 0.40 × 0.34 × 0.01 0.80 × 0.12 × 0.01 
Reflections collected 31045 23177 61998 
Independent 
reflctions/R(int) 
4723/0.0649 11546/0.1257 13082/0.0360 
Data/restraints/parameters  11546/0/429 13082/0/416 
Goodness–of–fit a on F2  1.039 1.076 
Final R indexes [I > 2σ (I )] R1
 b = 0.1309 
R1
 b = 0.0992, wR2
 c 
= 0.2300 
R1
 b = 0.0398, wR2
 
c = 0.0751 
Largest diff. peak/hole/e Å–
3 
5.74/–5.42 6.96/–3.24 1.895/–1.533 
a Goodness–of–fit = [Σw (Fo
2 – Fc
2)2/ (Nobsevns – Nparams)]
1/2, based on all data; 
b R1 = ||Fo| – |Fc||/|Fo|;  
c wR2 = [Σw (Fo
2 – Fc
2)2/w (Fo
2)2]1/2.
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6.2 Synthesis of the diimidazolium salts H2L
1-H2L
8
 
 
N NR N N RY
(Br)2
R = Me H2L
1 Y = CH2, H2L
2 Y = CH2CH2, H2L
3 Y = CH2CH2CH2, H2L
4 Y = CH2CH2CH2CH2,
H2L
5 Y = o-xylylene, H2L
6 Y = m-xylylene, H2L
7 Y = p-xylylene.
R = Cy H2L
8 Y = CH2  
 
The diimidazolium salts 1,1′-dimethyl-3,3′-methylenediimidazolium dibromide 
(H2L
1),128 1,1′-dimethyl-3,3′-ethylenediimidazolium dibromide (H2L
2),129 1,1′-
dimethyl-3,3′-propylenediimidazolium dibromide (H2L
3),130 1,1′-dimethyl-3,3′-
butylenediimidazolium dibromide (H2L
4),130 1,1′-dimethyl-3,3′-(o-
xylylene)diimidazolium dibromide (H2L
5),131 1,1′-dimethyl-3,3′-(m-
xylylene)diimidazolium dibromide (H2L
6),131 1,1′-dimethyl-3,3′-(p-
xylylene)diimidazolium dibromide (H2L
7)91 and 1,1′-dicyclohexyl-3,3′-
methylenediimidazolium dibromide (H2L
8)132 were prepared according to literature 
procedures. Following are reported only their 1H NMR spectra. 
 
1,1′-dimethyl-3,3′-methylenediimidazolium dibromide (H2L
1) 
1H NMR (D2O, 25 °C, ppm): δ = 3.88 (s, 6H, CH3), 6.62 (s, 2H, CH2), 7.51 (d, 
3J = 1.5 
Hz, 2H, CH), 7.68 (d, 3J = 1.5 Hz, 2H, CH), signal of N-CH-N hydrogen not detected. 
 
1,1′-dimethyl-3,3′-ethylenediimidazolium dibromide (H2L
2) 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.83 (s, 6H, CH3), 4.74 (s, 4H, CH2), 7.73 (s, 4H, 
CH), 9.25 (s, 2H, N-CH-N). 
 
1,1′-dimethyl-3,3′-propylenediimidazolium dibromide (H2L
3) 
1H NMR (D2O, 25 °C, ppm): δ = 2.34 (m, 2H, CH2), 3.73 (s, 6H, CH3), 4.16 (t, 4H, 
3J = 
9.9 Hz, N-CH2), 7.30 (s, 2H, CH), 7.35 (s, 2H, CH), 8.62 (br, 2H, N-CH-N). 
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1,1′-dimethyl-3,3′-butylenediimidazolium dibromide (H2L
4) 
1H NMR (D2O, 25 °C, ppm):  = 1.94 (quint, 
3J = 7.3 Hz, 4H, CH2), 3.91 (s, 6H, CH3), 
4.28 (t, 3J = 7.3 Hz, 4H, N-CH2), 7.47 (s, 2H, CH), 7.50 (s, 2H, CH), 8.58 (s, 2H, N-CH-
N). 
 
1,1′-dimethyl-3,3′-(o-xylylene)diimidazolium dibromide (H2L
5) 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.88 (s, 6H, CH3), 5.70 (s, 4H, CH2), 7.33 (s, 2H, 
CH), 7.47 (s, 2H, CH), 7.79 (m, 4H, Ar-H), 9.28 (s, 2H, N-CH-N). 
 
1,1′-dimethyl-3,3′-(m-xylylene)diimidazolium dibromide (H2L
6) 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.90 (s, 6H, CH3), 5.49 (s, 4H, CH2), 7.45 – 7.86 
(m, 8H, CH + Ar-H), 9.39 (s, 2H, N-CH-N). 
 
1,1′-dimethyl-3,3′-(p-xylylene)diimidazolium dibromide (H2L
7) 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.86 (s, 6H, CH3), 5.49 (s, 4H, CH2), 7.71 (d, 2H, 
Ar-H), 7.85 (d, 2H, Ar-H), 9.42 (s, 2H, N-CH-N). 
 
1,1′-dicyclohexyl-3,3′-methylenediimidazolium dibromide (H2L
8) 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 1.00 – 2.13 (m, 20H, CH2), 4.37 (m, 2H, CH), 
6.73 (s, 2H, CH2), 8.03 (s, 2H, CH), 8.16 (s, 2H, CH), 9.77 (s, 2H, N-CH-N). 
 
6.3 Synthesis of the diimidazolium salts H2L
9-H2L
15
. 
Diimidazolium salts H2L
9-H2L
15 were prepared following a four steps synthetic way 
as reported in Scheme 2.3. Hereafter is reported the characterization of the isolated 
intermediates and of the final di(NHC) ligand precursors. 
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6.3.1 Synthesis of compounds 9 ester-15 ester 
 
H2n+1CnO
O
O
9 ester n = 8
10 ester n = 10
11 ester n = 12
12 ester n = 14
13 ester n = 16
C12H25O
O
O
14 ester
C12H25O
C12H25O
O
O
15 ester
C12H25O
OC12H25
 
 
For compounds 9 ester - 13 ester: methyl 4-hydroxy benzoate (13 mmol) and K2CO3 
(26 mmol) were put in a two neck round bottom flask and DMF (40 mL) was added. 
Afterwards the proper 1-bromoalcane (16 mmol) was added dropwise to the 
obtained suspension. The reaction mixture was kept under stirring at 70°C for 16 
hours and then filtered over Celite® at room temperature. The solvent was 
subsequently removed at low pressure. The product (white solid) was washed with 
cold methanol (3 x 3 mL) and dried under vacuum. For compounds 14 ester and 15 
ester the experimental procedure is the same but the starting reagents are methyl 
3,4-dihydroxy benzoate (13 mmol), K2CO3 (52 mmol) and 1-bromododecane (26 
mmol) (14 ester) and methyl 3,4,5-trihydroxy benzoate (13 mmol), K2CO3 (78 mmol) 
and 1-bromododecane (39 mmol) (15 ester).  
 
9 ester 
White solid, yield 38%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 10H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.87 (s, 3H, O-CH3), 4.00 (m, 2H, CH2), 
6.90 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.97 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
10 ester 
White solid, yield 41%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 14H, CH2), 1.79 (m, 2H, O-CH2-CH2-), 3.87 (s, 3H, O-CH3), 4.00 (m, 2H, CH2), 
6.89 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.97 (d, 3J = 8.7 Hz, 2H, Ar-H). 
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11 ester 
White solid, yield 67%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 18H, CH2), 1.79 (m, 2H, O-CH2-CH2-), 3.88 (s, 3H, O-CH3), 3.99 (m, 2H, CH2), 
6.90 (d, 3J = 8.9 Hz, 2H, Ar-H), 7.97 (d, 3J = 8.9 Hz, 2H, Ar-H). 
 
12 ester 
White solid, yield 38%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 22H, CH2), 1.79 (m, 2H, O-CH2-CH2-), 3.88 (s, 3H, O-CH3), 4.00 (m, 2H, CH2), 
6.90 (d, 3J = 9.0 Hz, 2H, Ar-H), 7.97 (d, 3J = 9.0 Hz, 2H, Ar-H). 
 
13 ester 
White solid, yield 75%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 26H, CH2), 1.79 (m, 2H, O-CH2-CH2-), 3.88 (s, 3H, O-CH3), 4.00 (m, 2H, CH2), 
6.90 (d, 3J = 9.0 Hz, 2H, Ar-H), 7.96 (d, 3J = 9.0 Hz, 2H, Ar-H). 
 
14 ester 
White solid, yield 80%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.83 (m, 4H, O-CH2-CH2-), 3.88 (s, 3H, O-CH3), 4.03 (m, 4H, CH2), 
6.86 (d, 3J = 8.5 Hz, 1H, Ar-H), 7.50-7.70 (m, 2H, Ar-H). 
 
15 ester 
White solid, yield 76%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 9H, CH2-CH3), 1.0-
1.6 (m, 54H, CH2), 1.80 (m, 6H, O-CH2-CH2-), 3.89 (s, 3H, O-CH3), 4.01 (m, 4H, CH2). 
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6.3.2 Synthesis of compounds 9 alcohol-15 alcohol 
 
H2n+1CnO
OH
9 alcohol n = 8
10 alcohol n = 10
11 alcohol n = 12
12 alcohol n = 14
13 alcohol n = 16
C12H25O
OH
14 alcohol
C12H25O
C12H25O
OH
15 alcohol
C12H25O
OC12H25
 
 
Compound [9-15] ester (5 mmol) was put in a two-neck round bottom flask and 
dissolved in THF (50 mL). A 1 M solution of LiAlH4 in THF (5 mL) was added dropwise 
at 0 °C to the reaction mixture. The solution was kept under stirring at room 
temperature for 16 hours. Afterwards H2O (240 L) and a 1 M solution of NaOH in 
H2O (240 L) were added droplet at 0 °C, observing the formation of a white solid. 
The suspension was filtered over Celite®, the solvent was removed at low pressure, 
giving the product as a white solid.  
 
9 alcohol 
White solid, yield 83%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.89 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 10H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.60 (s, 2H, CH2), 
6.90 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.28 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
10 alcohol 
White solid, yield 80%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 14H, CH2), 1.79 (m, 2H, O-CH2-CH2-), 3.95 (m, 2H, CH2), 4.60 (s, 2H, CH2), 
6.89 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.27 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
11 alcohol 
White solid, yield 77%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 18H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.60 (s, 2H, CH2), 
6.89 (d, 3J = 8.8 Hz, 2H, Ar-H), 7.27 (d, 3J = 8.8 Hz, 2H, Ar-H). 
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12 alcohol 
White solid, yield 64%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 22H, CH2), 1.78 (m, 2H, O-CH2-CH2-), 3.95 (m, 2H, CH2), 4.61 (s, 2H, CH2), 
6.88 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.27 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
13 alcohol 
White solid, yield 65%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 26H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.61 (s, 2H, CH2), 
6.88 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.27 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
14 alcohol 
White solid, yield 40%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.77 (m, 4H, O-CH2-CH2-), 3.99 (m, 4H, CH2), 4.58 (m, 2H, CH2), 
6.84 (s, 2H, Ar-H), 6.91 (s, 1H, Ar-H). 
 
15 alcohol 
White solid, yield 47%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 9H, CH2-CH3), 1.0-
1.6 (m, 54H, CH2), 1.75 (m, 6H, O-CH2-CH2-), 3.96 (m, 6H, CH2), 4.59 (s, 2H, CH2), 
6.55 (s, 2H, Ar-H). 
 
6.3.3 Synthesis of compounds 9 bromide-15 bromide 
 
H2n+1CnO
Br
9 bromide n = 8
10 bromide n = 10
11 bromide n = 12
12 bromide n = 14
13 bromide n = 16
C12H25O
Br
14 bromide
C12H25O
C12H25O
Br
15 bromide
C12H25O
OC12H25
 
 
Compound [9-15] bromide (4 mmol) was put in a two-neck round bottom flask and 
dissolved in DCM (40 mL). A 1 M solution of PBr3 in DCM (4 mL) was added 
dropwise at 0 °C to the reaction mixture. The solution was kept under stirring at 
Chapter 6: EXPERIMENTAL SECTION 
173 
 
room temperature for 2 hours. The reaction was followed via TLC (eluent DCM). 
Subsequently the solvent was removed from the solution at low pressure and the 
product was isolated as a white solid.  
 
9 bromide 
White solid, yield 73%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.90 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 10H, CH2), 1.78 (m, 2H, O-CH2-CH2-), 3.95 (m, 2H, CH2), 4.51 (s, 2H, CH2), 
6.85 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.30 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
10 bromide 
White solid, yield 91%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.89 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 14H, CH2), 1.78 (m, 2H, O-CH2-CH2-), 3.95 (m, 2H, CH2), 4.51 (s, 2H, CH2), 
6.85 (d, 3J = 8.6 Hz, 2H, Ar-H), 7.29 (d, 3J = 8.6 Hz, 2H, Ar-H). 
 
11 bromide 
White solid, yield 85%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 18H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.50 (s, 2H, CH2), 
6.84 (d, 3J = 8.7 Hz, 2H, Ar-H), 7.30 (d, 3J = 8.7 Hz, 2H, Ar-H). 
 
12 bromide 
White solid, yield 88%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 22H, CH2), 1.78 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.50 (s, 2H, CH2), 
6.85 (d, 3J = 8.4 Hz, 2H, Ar-H), 7.30 (d, 3J = 8.4 Hz, 2H, Ar-H). 
 
13 bromide 
White solid, yield 92%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 3H, CH2-CH3), 1.1-
1.5 (m, 26H, CH2), 1.77 (m, 2H, O-CH2-CH2-), 3.94 (m, 2H, CH2), 4.50 (s, 2H, CH2), 
6.84 (d, 3J = 6.9 Hz, 2H, Ar-H), 7.30 (d, 3J = 6.9 Hz, 2H, Ar-H). 
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14 bromide 
White solid, yield 89%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.81 (m, 4H, O-CH2-CH2-), 3.98 (m, 4H, CH2), 4.48 (s, 2H, CH2), 
6.79 (m, 1H, Ar-H), 7.90 (m, 2H, Ar-H). 
 
15 bromide 
White solid, yield 78%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 9H, CH2-CH3), 1.0-
1.6 (m, 54H, CH2), 1.80 (m, 6H, O-CH2-CH2-), 3.96 (m, 6H, CH2), 4.43 (s, 2H, CH2), 
6.57 (s, 2H, Ar-H). 
 
6.3.4 General procedure for the synthesis of the diimidazolium salts H2L
9-H2L
14 
 
N N N N
OCnH2n+1H2n+1CnO
(Br)2
H2L
9 n = 8; H2L
10 n = 10; H2L
11 n = 12; 
H2L
12 n = 14; H2L
13 n = 16
N N N N
OC12H25C12H25O
(Br)2
C12H25O OC12H25
H2L
14
N N N N
OC12H25C12H25O
(Br)2
C12H25O OC12H25
H2L
15
OC12H25 C12H25O
 
 
1,3-di(1H-imidazol-1-yl)propane was prepared according to literature procedure 
and used without any further purification.80b A mixture of [9-15] bromide (1 mmol) 
and 1,3-di(1H-imidazol-1-yl)propane (0.5 mmol) in acetonitrile (15 mL) was left 
under stirring at 75°C for 16 hours. Addition of diethyl ether (20 mL) to the reaction 
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mixture affords the product precipitation. The obtained white solid was isolated, 
washed with diethyl ether (2 x 5 mL) and dried under vacuum. 
 
H2L
9
 
White solid, yield 62%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 20H, CH2), 1.77 (m, 4H, O-CH2-CH2-), 2.88 (m, 2H, CH2 prop), 3.94 (m, 4H, O-
CH2-), 4.72 (m, 4H, CH2prop), 5.31 (s, 4H, C6H4-CH2-N), 6.91 (d, 
3J = 8.5 Hz, 4H, Ar-H), 
6.96 (s, 2H, CH), 7.35 (d, 3J = 8.5 Hz, 4H, Ar-H), 8.05 (s, 2H, CH), 10.21 (s, 2H, N-CH-
N). 
 
H2L
10
 
White solid, yield 56%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 28H, CH2), 1.75 (m, 4H, O-CH2-CH2-), 2.88 (m, 2H, CH2 prop), 3.93 (m, 4H, O-
CH2-), 4.72 (m, 4H, CH2prop), 5.32 (s, 4H, C6H4-CH2-N), 6.89 (d, 
3J = 8.3 Hz, 4H, C6H4), 
7.00 (s, 2H, CH), 7.36 (d, 3J = 8.3 Hz, 4H, C6H4), 8.08 (s, 2H, CH), 10.25 (s, 2H, N-CH-
N). 
 
H2L
11
 
White solid, yield 73%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.76 (m, 4H, O-CH2-CH2-), 2.88 (m, 2H, CH2 prop), 3.93 (m, 4H, O-
CH2-), 4.73 (m, 4H, CH2prop), 5.31 (s, 4H, C6H4-CH2-N), 6.89 (d, 
3J = 8.5 Hz, 4H, C6H4), 
6.96 (s, 2H, CH), 7.34 (d, 3J = 8.5 Hz, 4H, C6H4), 8.08 (s, 2H, CH), 10.24 (s, 2H, N-CH-
N). 13C{1H} NMR (CDCl3, 20 °C, ppm): δ = 14.1 (CH3), 32.0-22.0 (CH2), 47.0 (CH2), 53.4 
(CH2), 68.2 (CH2), 115.4 (CH), 120.9 (CH), 123.8 (C), 130.6 (CH), 136.4 (CH), 160.2 (C). 
 
H2L
12
 
White solid, yield 33%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 44H, CH2), 1.76 (m, 4H, O-CH2-CH2-), 2.89 (m, 2H, CH2 prop), 3.94 (m, 4H, O-
CH2-), 4.73 (m, 4H, CH2prop), 5.31 (s, 4H, C6H4-CH2-N), 6.91 (d, 
3J = 8.7 Hz, 4H, Ar-H), 
6.96 (s, 2H, CH), 7.35 (d, 3J=8.7 Hz, 4H, Ar-H), 8.08 (s, 2H, CH), 10.24 (s, 2H, N-CH-N). 
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H2L
13
 
White solid, yield 54%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 52H, CH2), 1.76 (m, 4H, O-CH2-CH2-), 2.89 (m, 2H, CH2 prop), 3.94 (m, 4H, O-
CH2-), 4.73 (m, 4H, CH2prop), 5.30 (s, 4H, C6H4-CH2-N), 6.91 (d, 
3J=8.7 Hz, 4H, Ar-H), 
6.96 (s, 2H, CH), 7.35 (d, 3J=8.7 Hz, 4H, Ar-H), 8.06 (s, 2H, CH), 10.23 (s, 2H, N-CH-N). 
 
H2L
14
 
White solid, yield 81%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 12H, CH2-CH3), 1.1-
1.5 (m, 72H, CH2), 1.81 (m, 8H, O-CH2-CH2-), 2.90 (m, 2H, CH2 prop), 3.99 (m, 8H, O-
CH2-), 4.76 (m, 4H, CH2prop), 5.27 (s, 4H, C6H3-CH2-N), 6.92 (m, 8H, CH), 8.04 (s, 2H, 
CH), 10.28 (s, 2H, N-CH-N). 
 
H2L
15
 
White solid, yield 71%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 18H, CH2-CH3), 1.0-
1.6 (m, 108H, CH2), 1.80 (m, 12H, O-CH2-CH2-), 2.87 (m, 2H, CH2 prop), 3.96 (m, 12H, 
O-CH2-), 4.75 (m, 4H, CH2prop), 5.25 (s, 4H, C6H3-CH2-N), 6.60 (s, 4H, CH), 7.00 (s, 2H, 
CH), 8.04 (s, 2H, CH), 10.31 (s, 2H, N-CH-N). 
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6.4 General procedure for the synthesis of the gold(I) di(NHC) complexes (1-Br)-
(14-Br) 
 
N N N N
OCnH2n+1
H2n+1CnO
N N N N
OCnH2n+1
H2n+1CnO
Au Au
(Br)2
9-Br n = 8; 10-Br n = 10; 11-Br n = 12; 
12-Br n = 14; 13-Br n = 16
R = H:
R
R
R
R
R = CnH2n+1: 14-Br n = 12
N NR
Y
N N R
N N
R Y
N N R
Au Au
(Br)2
R = Me; 1-Br Y = CH2; 2-Br Y = (CH2)2; 3-Br Y = (CH2)3; 4-Br Y = (CH2)4; 
              5-Br Y = m-xylylene; 6-Br Y = o-xylylene; 7-Br Y = p-xylylene;
R = Cy;  8-Br Y = CH2
 
 
A mixture of sodium acetate (1.80 mmol), the diimidazolium salt (0.80 mmol) and 
AuCl(SMe2) (0.81 mmol) in DMF (25 mL) was heated and maintained at 120 °C for 2 
h. Addition of n-hexane (10 mL) and dichloromethane (1 mL) afforded a white solid, 
which was filtered and dried under vacuum. 
 
Bis(1,1’-dimethyl-3,3’-methylenediimidazolin-2,2’-diylidene)digold(I) dibromide 
(1-Br) 
White solid, yield 87%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.89 (s, 12H, CH3), 6.41 
(d AB system, 2J = 12.6 Hz, 2H, CH2), 7.25 (d AB system,
 2J = 12.6 Hz, 2H, CH2), 7.61 
(d, 3J = 1.0 Hz, 4H, CH), 8.02 (d, 3J = 1.0 Hz, 4H, CH). 13C{1H} NMR (DMSO-d6, 25 °C, 
ppm): δ = 38.0 (CH3), 61.8 (CH2), 121.8 (CH), 124.8 (CH), 183.2 (N-C N). 
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Bis(1,1’-dimethyl-3,3’-ethylenediimidazol-2,2’-diylidene)digold(I) dibromide (2-Br) 
White solid, yield 90%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.78 (s, 12H, CH3), 4.81 
(s, 8H, CH2), 7.45 (m, 8H, CH). 
13C{1H} NMR (DMSO-d6, 25 °C, ppm): δ = 38.7 (CH3), 
49.9 (CH2), 122.5 (CH), 123.3 (CH), 182.7 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-propylenediimidazol-2,2’-diylidene)digold(I) dibromide (3-
Br) 
White solid, yield 92%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 2.60 (m, 4H, CH2), 3.50 
(s, 12H, CH3), 4.17 (m, 8H, CH2N), 7.62 (s, 4H, CH), 7.76 (s, 4H, CH). 
13C{1H} NMR 
(DMSO-d6, 25 °C, ppm): δ = 30.7 (CH2), 36.7 (CH3), 46.3 (NCH2), 121.3 (CH), 124.4 
(CH), 181.9 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-butylenediimidazolin-2,2’-diylidene)digold(I) dibromide (4-
Br) 
White solid, yield 96%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 1.85 (m, 8H, CH2), 3.81 
(s, 12H, CH3), 4.21 (m, 8H, CH2N), 7.52 (s, 4H, CH), 7.56 (s, 4H, CH). 
13C{1H} NMR 
(DMSO-d6, 25 °C, ppm): δ = 28.3 (CH2), 37.5 (CH3), 49.9 (NCH2), 122.2 (CH), 123.4 
(CH), 182.6 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-(o-xylylene)diimidazol-2,2’-diylidene)digold(I) dibromide (5-
Br) 
White solid, yield 95%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.76 (s, 12H, CH3), 5.68 
(s, 8H, CH2), 6.71 (s, 4H, CH), 7.23 (m, 4H, CH), 7.58 (m, 8H, Ar-H). The 
1H NMR 
spectrum is in agreement with that reported in the literature.28 
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Bis(1,1’-dimethyl-3,3’-(m-xylylene)diimidazol-2,2’-diylidene)digold(I) dibromide 
(6-Br) 
White solid, yield 93%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.43 (s, 12H, CH3), 5.30 
(s, 8H, CH2), 7.33 (m, 8H, Ar-H), 7.54 (d, 
3J = 1.2 Hz, 4H, CH), 7.61 (d, 3J = 1.2 Hz, 4H, 
CH). The 1H NMR spectrum is in agreement with that reported in the literature.28 
 
Bis(1,1’-dimethyl-3,3’-(p-xylylene)diimidazol-2,2’-diylidene)digold(I) dibromide (7-
Br) 
White solid, yield 78%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.88 (s, 12H, CH3), 5.38 
(s, 8H, CH2), 7.14 (m, 8H, Ar-H), 7.52 (d, 
3J = 1.5 Hz, 4H, CH), 7.60 (d, 3J = 1.5 Hz, 4H, 
CH). 
 
Bis(1,1’-dicyclohexyl-3,3’-methylenediimidazol-2,2’-diylidene)digold(I) dibromide 
(8-Br) 
White solid (yield 96%). 1H NMR (DMSO-d6, 25 °C, ppm): δ = 1.00 – 2.00 (m, 40H, 
CH2-Cy), 4.46 (s, 4H, CH-Cy), 6.43 (d AB system, 
3J = 13.8 Hz, 2H, CH2), 7.12 (d AB 
system, 2J = 13.8 Hz, 2H, CH2), 7.82 (d, 
3J = 1.0 Hz, 4H, CH), 7.96 (d, 3J = 1.0 Hz, 4H, 
CH). 13C{1H} NMR (DMSO-d6, 25 °C, ppm): δ = 24.4 (CH2 Cy), 24.9 (CH2 Cy), 25.0 (CH2 
Cy), 33.1 (CH2 Cy), 33.4 (CH2 Cy), 61.1 (CH Cy), 62.6 (CH2), 120.5 (CH), 122.2 (CH), 
181.5 (N-C-N). 
 
9-Br 
White solid, yield 70%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 20H, CH2), 1.74 (m, 4H, O-CH2-CH2-), 2.72 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.52 (m, 4H, CH2prop), 5.07 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J=8.2 Hz, 4H, Ar-H), 
6.91 (s, 2H, CH), 7.02 (d, 3J = 8.2 Hz, 4H, Ar-H), 8.35 (s, 2H, CH). 
 
10-Br 
White solid, yield 48%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88(m, 6H, CH2-CH3), 1.1-
1.5 (m, 28H, CH2), 1.74 (m, 4H, O-CH2-CH2-), 2.77 (m, 2H, CH2 prop), 3.84 (m, 4H, O-
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CH2-), 4.53 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J = 8.1 Hz, 4H, Ar-H), 
6.92 (s, 2H, CH), 7.03 (d, 3J = 8.1 Hz, 4H, Ar-H), 8.48 (s, 2H, CH). 
 
11-Br 
White solid, yield 65%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.75 (m, 4H, O-CH2-CH2-), 2.76 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.55 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J = 8.3 Hz, 4H, Ar-H), 
6.92 (s, 2H, CH), 7.03 (d, 3J = 8.3 Hz, 4H, Ar-H), 8.43 (s, 2H, CH). 
 
12-Br 
White solid, yield 48%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.75 (m, 4H, O-CH2-CH2-), 2.76 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.53 (m, 4H, CH2prop), 5.07 (s, 4H, C6H4-CH2-N), 6.76 (d, 
3J = 8.4 Hz, 4H, Ar-H), 
6.92 (s, 2H, CH), 7.03 (d, 3J = 8.4 Hz, 4H, Ar-H), 8.43 (s, 2H, CH). 
 
13-Br 
White solid, yield 36%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 44H, CH2), 1.73 (m, 4H, O-CH2-CH2-), 2.76 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.53 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.76 (d, 
3J = 8.4 Hz, 4H, Ar-H), 
6.91 (s, 2H, CH), 7.03 (d, 3J = 8.4 Hz, 4H, Ar-H), 8.01 (s, 2H, CH). 
 
14-Br 
White solid, yield 85%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 12H, CH2-CH3), 1.1-
1.5 (m, 72H, CH2), 1.75 (m, 8H, O-CH2-CH2-), 2.73 (m, 2H, CH2 prop), 3.85 (m, 8H, O-
CH2-), 4.53 (m, 4H, CH2prop), 5.06 (s, 4H, C6H3-CH2-N), 6.66 (m, 6H, Ar-H), 6.94 (s, 2H, 
CH), 8.40 (s, 2H, CH). 
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6.5 General procedure for the synthesis of the gold(I) di(NHC) complexes 1-14 
 
N N N N
OCnH2n+1
H2n+1CnO
N N N N
OCnH2n+1
H2n+1CnO
Au Au
(PF6)2
9 n = 8; 10 n = 10; 11 n = 12; 
12 n = 14; 13 n = 16
R = H:
R
R
R
R
R = CnH2n+1: 14 n = 12
N NR
Y
N N R
N N
R Y
N N R
Au Au
(PF6)2
R = Me; 1 Y = CH2; 2 Y = (CH2)2; 3 Y = (CH2)3; 4 Y = (CH2)4; 
              5 Y = m-xylylene; 6 Y = o-xylylene; 7 Y = p-xylylene;
R = Cy;  8 Y = CH2
 
 
The dibromide complex [1-14]-Br (0.3 mmol) was dissolved in methanol (10 mL) and 
a solution of KPF6 (5 equiv.) in water (3 mL) was added, affording the precipitation 
of the desired product. The solid was filtered, washed with H2O (3 mL), methanol (2 
× 3 mL) and finally dried under vacuum. 
 
Bis(1,1’-dimethyl-3,3’-methylenediimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (1) 
White solid, yield 73%. Anal. Calcd for C18H24Au2F12N8P2: C, 20.86; H, 2.33; N, 
10.81%. Found: C, 21.15; H, 2.30; N, 10.23%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 
3.88 (s, 12H, CH3), 6.33 (d AB system, 2H, CH2), 7.18 (d AB system, 2H, CH2), 7.60 (d, 
3J = 1.0 Hz, 4H, CH), 7.89 (d, 3J = 1.0 Hz, 4H, CH). 1H NMR (CD3CN, 25 °C, ppm): δ = 
3.86 (s, 12H, CH3), 6.08 (d AB system, 2H, CH2), 6.92 (d AB system, 2H, CH2), 7.27 (d, 
3J = 1.2 Hz, 4H, CH), 7.50 (d, 3J = 1.2 Hz, 4H, CH). 13C{1H} NMR (DMSO-d6, 25 °C, 
ppm): δ = 38.0 (CH3), 61.8 (CH2), 121.8 (CH), 124.8 (CH), 183.2 (N-C-N). 
13C{1H} NMR 
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(CD3CN, 25 °C, ppm): δ = 39.2 (CH3), 63.6 (CH2), 122.3 (CH), 125.5 (CH), 185.3 (N-C-
N). 
 
Bis(1,1’-dimethyl-3,3’-ethylenediimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (2) 
White solid, yield 70%. Anal. Calcd for C20H28Au2F12N8P2: C, 22.57; H, 2.65; N, 
10.52%. Found: C, 22.77; H, 2.61; N, 9.90%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.78 
(s, 12H, CH3), 4.79 (s, 8H, CH2), 7.39 (d, 
3J = 1.5 Hz, 4H, CH), 7.44 (d, 3J = 1.5 Hz, 4H, 
CH). 1H NMR (CD3CN, 25 °C, ppm): δ = 3.73 (s, 12H, CH3), 4.73 (s, 8H, CH2), 7.07 (d, 
3J 
= 1.4 Hz, 4H, CH), 7.11 (d, 3J = 1.4 Hz, 4H, CH). 13C{1H} NMR (DMSO-d6, 25 °C, ppm): 
δ = 38.6 (CH3), 59.8 (CH2), 123.3 (CH), 124.6 (CH), 183.5 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-propylenediimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (3) 
White solid, yield 78%. Anal. Calcd for C22H32Au2F12N8P2: C, 24.19; H, 2.95; N, 
10.26%. Found: C, 24.48; H, 2.98; N, 9.25%. 1H NMR (CD3CN, 25 °C, ppm): δ = 2.54 
(m, 4H, CH2), 3.53 (s, 12H, CH3), 4.23 (m, 8H, CH2N), 7.24 (d, 
3J = 1.0 Hz, 4H, CH), 
7.30 (d, 3J = 1.0 Hz, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 30.0 (CH2), 38.0 
(CH2N), 48.0 (CH3), 121.8 (CH), 125.0 (CH), 184.1 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-butylenediimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (4) 
White solid, yield 61%. Anal. Calcd for C24H36Au2F12N8P2: C, 25.73; H, 3.24; N, 
10.00%. Found: C, 25.36; H, 3.00; N, 9.18%. 1H NMR (CD3CN, 25 °C, ppm): δ = 1.89 
(m, 8H, CH2), 3.79 (s, 12H, CH3), 4.18 (m, 8H, CH2N), 7.17 (d, 
3J = 1.0 Hz, 8H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 29.3 (CH2), 38.5 (CH3), 51.3 (NCH2), 122.7 
(CH), 124.0 (CH), 184.8 (N-C-N). 
 
Chapter 6: EXPERIMENTAL SECTION 
183 
 
Bis(1,1’-dimethyl-3,3’-(o-xylylene)diimidazol-2,2’-diylidene)gold(I) 
dihexafluorophosphate (5) 
White solid, yield 68%. Anal. Calcd for C32H36Au2F12N8P2: C, 31.58; H, 2.98; N, 9.21%. 
Found: C, 33.66; H, 2.88; N, 10.01%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.80 (s, 12H, 
CH3), 5.61 (s, 8H, CH2), 6.43 (s, 4H, CH), 6.85 (s, 4H, CH), 7.63 (m, 8H,  Ar-H). 
13C{1H} 
NMR (CD3CN, 25 °C, ppm): δ = 38.6 (CH3), 53.5 (CH2), 121.5 (CH), 123.7 (CH), 131.4 
(CH), 134.1 (CH), 134.8 (C), 185.1 (N-C-N). 
 
Bis(1,1’-dimethyl-3,3’-(m-xylylene)diimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (6) 
White solid (yield 61%). Anal. Calcd for C32H36Au2F12N8P2: C, 31.59; H, 2.98; N, 
9.21%. Found: C, 32.12; H, 2.84; N, 8.73%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 3.52 
(s, 12H, CH3), 5.30 (s, 8H, CH2), 7.33 (m, 8H, Ar-H), 7.53 (d, 
3J = 1.2 Hz, 4H, CH), 7.60 
(d, 3J = 1.2 Hz, 4H, CH). 1H NMR (CD3CN, 25 °C, ppm): δ = 3.53 (s, 12H, CH3), 5.20 (s, 
8H, CH2), 7.00-7.40 (m, 16H, Ar-H). 
 
Bis(1,1’-dimethyl-3,3’-(p-xylylene)diimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (7) 
White solid, yield 67%. Anal. Calcd for C32H36Au2F12N8P2: C, 31.59; H, 2.98; N, 9.21%. 
Found: C, 31.35; H, 2.98; N, 9.21%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.88 (s, 12H, 
CH3), 5.27 (s, 8H, CH2), 7.11 (s, 8H, CH), 7.20 (s, 8H, CH). 
13C{1H} NMR (CD3CN, 25 °C, 
ppm): δ = 38.6 (CH3), 54.4 (CH2), 122.9 (CH), 124.6 (CH), 128.6 (CH), 137.9 (CH), 
134.8 (C), 185.3 (N-C-N). 
 
Bis(1,1’-dicyclohexyl-3,3’-methylenediimidazol-2,2’-diylidene)digold(I) 
dihexafluorophosphate (8) 
White solid, yield 62%. Anal. Calcd for C38H56Au2F12N8P2: C, 34.87; H, 4.31; N, 8.56%. 
Found: C, 33.87; H, 4.23; N, 7.80%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 1.00 – 2.00 
(m, 40H, CH2-Cy), 4.47 (br, 4H, CH-Cy), 6.38 (AB system, 2H, CH2), 7.09 (AB system, 
2H, CH2), 7.80 (d, 
3J = 1.2 Hz, 4H, CH), 7.90 (d, 3J = 1.2 Hz, 4H, CH). 1H NMR (CD3CN, 
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25 °C, ppm): δ = 1.00 – 2.00 (m, 40H, CH2-Cy), 4.44 (br, 4H, CH-Cy), 6.11 (d AB 
system, 2H, CH2), 6.87 (d AB system, 2H, CH2), 7.35 (d, 
3J = 1.0 Hz, 4H, CH), 7.48 (d, 3J 
= 1.0 Hz, 4H, CH). 13C{1H} NMR (DMSO-d6, 25 °C, ppm): δ = 24.4 (CH2 Cy), 25.0 (CH2 
Cy), 25.1 (CH2 Cy), 33.1 (CH2 Cy), 33.5 (CH2 Cy), 61.1 (CH Cy), 62.6 (CH2), 120.6 (CH), 
122.1 (CH), 181.5 (N-C-N). 
 
9 
White solid, yield 65%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 0.85 (m, 6H, CH2-CH3), 
1.1-1.5 (m, 20H, CH2), 1.62 (m, 4H, O-CH2-CH2-), 2.59 (m, 2H, CH2 prop), 3.82 (m, 4H, 
O-CH2-), 4.34 (m, 4H, CH2prop), 5.03 (s, 4H, C6H4-CH2-N), 6.79 (d, 
3J = 8.9 Hz, 4H, Ar-
H), 7.13 (d, 3J = 8.9 Hz, 4H, Ar-H), 7.60 (d, 3J = 6.0 Hz, 4H, CH). ESI-MS (positive ions) 
m/z: [Au2L
9
2PF6]
+ calculated for C78H112Au2O4N8PF6 1763.78, found 1763.78; 
[Au2L
9
2]
2+ calculated for C78H112Au2O4N8 809.41, found 809.40. 
 
10 
White solid, yield 78%. 1H NMR (DMSO-d6, 25 °C, ppm): δ = 0.85 (m, 6H, CH2-CH3), 
1.1-1.5 (m, 28H, CH2), 1.63 (m, 4H, O-CH2-CH2-), 2.59 (m, 2H, CH2 prop), 3.80 (m, 4H, 
O-CH2-), 4.36 (m, 4H, CH2prop), 5.03 (s, 4H, C6H4-CH2-N), 6.79 (d, 
3J = 8.9 Hz, 4H, Ar-
H), 7.12 (d, 3J = 8.9 Hz, 4H, Ar-H), 7.58 (d, 3J = 4.9 Hz, 4H, CH). 13C{1H} NMR (DMSO-
d6, 20 °C, ppm): δ = 13.9 (CH3), 22.0-32.0 (CH2), 47.0 (CH2), 53.4 (CH2), 67.4 (CH2), 
114.5 (CH), 122.8 (CH), 128.1 (C), 128.9 (CH), 158.6 (C), 182.0 (N-C-N). ESI-MS 
(positive ions) m/z: [Au2L
10
2PF6]
+ calculated for C86H128Au2O4N8PF6 1875.90, found 
1875.90; [Au2L
10
2]
2+ calculated for C86H128Au2O4N8 865.47, found 865.47. 
 
11 
White solid, yield 65%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 36H, CH2), 1.73 (m, 4H, O-CH2-CH2-), 2.69 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.50 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.76 (d, 
3J = 8.6 Hz, 4H, Ar-H), 
6.93 (s, 2H, CH), 7.03 (d, 3J = 8.6 Hz, 4H, Ar-H), 8.20 (s, 2H, CH). 1H NMR (DMSO-d6, 
20 °C, ppm): δ = 0.84 (m, 6H, CH2-CH3), 1.1-1.5 (m, 36H, CH2), 1.63 (m, 4H, O-CH2-
CH2-), 2.60 (m, 2H, CH2 prop), 3.79 (m, 4H, O-CH2-), 4.38 (m, 4H, CH2prop), 5.01 (s, 4H, 
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C6H4-CH2-N), 6.77 (d, 
3J = 8.7 Hz, 4H, Ar-H), 7.11 (d, 3J = 8.7 Hz, 4H, C6H4), 7.56 (d, 
3J 
= 4.8 Hz, 4H, CH). 13C{1H} NMR (DMSO-d6, 20 °C, ppm): δ = 13.9 (CH3), 22.0-32.0 
(CH2), 47.0 (CH2), 53.4 (CH2), 67.4 (CH2), 114.52 (CH), 121.9 (CH), 128.1 (C), 128.8 
(CH), 158.5 (C), 182.0 (N-C-N). ESI-MS (positive ions) m/z: [Au2L
11
2PF6]
+ calculated 
for C94H144Au2O4N8PF6 1989.03, found 1989.05; [Au2L
11
2]
2+ calculated for 
C94H144Au2O4N8 922.03, found 922.04. 
 
12 
White solid, yield 61%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.87 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 44H, CH2), 1.72 (m, 4H, O-CH2-CH2-), 2.71 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.52 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J = 7.5 Hz, 4H, Ar-H), 
6.93 (s, 2H, CH), 7.04 (d, 3J = 7.5 Hz, 4H, Ar-H), 8.25 (s, 2H, CH). ESI-MS (positive 
ions) m/z: [Au2L
12
2PF6]
+ calculated for C110H176Au2O4N8PF6 2213.28, found 2213.29; 
[Au2L
12
2]
2+ calculated for C110H176Au2O4N8 1034.16, found 1034.17. 
 
13 
White solid, yield 65%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 0.85 (m, 6H, CH2-CH3), 
1.1-1.5 (m, 20H, CH2), 1.62 (m, 4H, O-CH2-CH2-), 2.59 (m, 2H, CH2 prop), 3.82 (m, 4H, 
O-CH2-), 4.34 (m, 4H, CH2prop), 5.03 (s, 4H, C6H4-CH2-N), 6.79 (d, 
3J = 8.9 Hz, 4H, Ar-
H), 7.13 (d, 3J = 8.9 Hz, 4H, Ar-H), 7.60 (d, 3J = 6.0 Hz, 4H, CH). ESI-MS (positive ions) 
m/z: [Au2L
13
2PF6]
+ calculated for C78H112Au2O4N8PF6 1763.78, found 1763.78; 
[Au2L
13
2]
2+ calculated for C78H112Au2O4N8 809.41, found 809.40. 
 
14 
White solid, yield 64%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 12H, CH2-CH3), 1.1-
1.5 (m, 72H, CH2), 1.74 (m, 8H, O-CH2-CH2-), 2.55 (m, 2H, CH2 prop), 3.85 (m, 8H, O-
CH2-), 4.44 (m, 4H, CH2prop), 5.08 (s, 4H, C6H3-CH2-N), 6.67 (m, 6H, C6H3), 6.95 (s, 2H, 
CH), 7.39 (s, 2H, CH). 13C{1H} NMR (CDCl3, 20 °C, ppm): δ = 14.3 (CH3), 22.0-39.0 
(CH2), 49.3 (CH2), 54.6 (CH2), 69.3 (CH2), 69.7 (CH2), 113.4 (CH), 113.8 (CH), 120.3 
(CH), 122.4 (CH), 127.5 (C), 149.7 (C), 149.8 (C), 183.2 (N-C-N). ESI-MS (positive ions) 
m/z: [AuI2L
14
2]
2+ calculated for C142H240Au2O8N8 1290.40, found 1290.39. 
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6.6 General procedure for the synthesis of the gold(I) di(NHC) complexes ([9, 10, 
12-14]-BF4) 
 
N N N N
OCnH2n+1
H2n+1CnO
N N N N
OCnH2n+1
H2n+1CnO
Au Au
(BF4)2
9-BF4 n = 8; 10-BF4 n = 10; 
12-BF4 n = 14; 13-BF4 n = 16
R = H:
R
R
R
R
R = CnH2n+1: 14-BF4 n = 12  
 
The dibromide complex [9,10,12-14]-Br  (0.3 mmol) was dissolved in methanol (10 
mL) and a solution of KBF4 (5 equiv.) in water (3 mL) was added, affording the 
precipitation of the desired product. The solid was filtered, washed with H2O (3 mL), 
methanol (2 × 3 mL) and finally dried under vacuum. 
 
9-BF4 
White solid, yield 95%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 0.85 (m, 6H, CH2-CH3), 
1.1-1.5 (m, 20H, CH2), 1.64 (m, 4H, O-CH2-CH2-), 2.60 (m, 2H, CH2 prop), 3.82 (m, 4H, 
O-CH2-), 4.35 (m, 4H, CH2prop), 5.03 (s, 4H, C6H4-CH2-N), 6.80 (d, 
3J = 8.7 Hz, 4H, Ar-
H), 7.13 (d, 3J = 8.7 Hz, 4H, Ar-H), 7.59 (d, 3J = 6.0 Hz, 4H, CH). ESI-MS (positive ions) 
m/z: [Au2L
9
2BF4]
+ calculated for C78H112Au2O4N8BF4 1705.82, found 1705.82; 
[AuI2L
9
2]
2+ calculated for C78H112Au2O4N8 809.41, found 809.41. 
 
10-BF4 
White solid, yield 94%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 0.84 (m, 6H, CH2-CH3), 
1.1-1.5 (m, 20H, CH2), 1.62 (m, 4H, O-CH2-CH2-), 2.60 (m, 2H, CH2 prop), 3.80 (m, 4H, 
O-CH2-), 4.37 (m, 4H, CH2prop), 5.02 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J = 8.5 Hz, 4H, 
C6H4), 7.12 (d, 
3J = 8.5 Hz, 4H, C6H4), 7.57 (d, 
3J = 5.5 Hz, 4H, CH). ESI-MS (positive 
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ions) m/z: [Au2L
10
2BF4]
+ calculated for C86H128Au2O4N8BF4 1817.94, found 1817.95; 
[Au2L
10
2]
2+ calculated for C86H128Au2O4N8 865.47, found 865.48. 
 
12-BF4 
White solid, yield 81%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 44H, CH2), 1.73 (m, 4H, O-CH2-CH2-), 2.75 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.52 (m, 4H, CH2prop), 5.07 (s, 4H, C6H4-CH2-N), 6.77 (d, 
3J = 8.7 Hz, 4H, Ar-H), 
6.92 (s, 2H, CH), 7.03 (d, 3J = 8.7 Hz, 4H, Ar-H), 8.39 (s, 2H, CH). ESI-MS (positive 
ions) m/z: [Au2L
12
2]
2+ calculated for C102H160Au2O4N8 978.10, found 978.09. 
 
13-BF4 
White solid, yield 65%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 6H, CH2-CH3), 1.1-
1.5 (m, 44H, CH2), 1.73 (m, 4H, O-CH2-CH2-), 2.75 (m, 2H, CH2 prop), 3.83 (m, 4H, O-
CH2-), 4.54 (m, 4H, CH2prop), 5.08 (s, 4H, C6H4-CH2-N), 6.78 (d, 
3J = 8.3 Hz, 4H, C6H4), 
6.92 (s, 2H, CH), 7.04 (d, 3J = 8.3 Hz, 4H, Ar-H), 8.47 (s, 2H, CH). ESI-MS (positive 
ions) m/z: [Au2L
13
2BF4]
+ calculated for C110H176Au2O4N8BF4 2155.32, found 2155.30; 
[AuI2L
13
2]
2+ calculated for C110H176Au2O4N8 1034.16, found 1034.15. 
 
14-BF4 
White solid, yield 89%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.88 (m, 12H, CH2-CH3), 1.1-
1.5 (m, 72H, CH2), 1.74 (m, 8H, O-CH2-CH2-), 2.57 (m, 2H, CH2 prop), 3.86 (m, 8H, O-
CH2-), 4.44 (m, 4H, CH2prop), 5.07 (s, 4H, C6H3-CH2-N), 6.68 (m, 6H, C6H3), 6.98 (s, 2H, 
CH), 7.67 (s, 2H, CH). ESI-MS (positive ions) m/z: [Au2L
14
2]
2+ calculated for 
C142H240Au2N8O8 1290.40, found 1290.39. 
 
6.7 Oxidative addition of halogen to the gold(I) di(NHC) complexes 1–8 
In the oxidation of complexes 1 - 8 with halogens (Cl2, Br2, I2) three different types 
of products have been isolated. Starting from dinuclear gold(I) di(NHC) complexes 
(Au(I)/Au(I)) it is possible to obtain a dinuclear mixed valence Au(I)/Au(III), a 
dinuclear Au(II)/Au(II) or a dinuclear Au(III)/Au(III) complex. These three types of 
complexes are defined by a letter: a for Au(I)/Au(III), b for Au(II)/Au(II) and c for 
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Au(III)/Au(III) complexes. The obtained product of oxidative addition of halogen is 
further specified with the label niX where n is the number indicating the starting 
gold(I) di(NHC) bis(hexafluorophosphate) complex (n = 1 - 8), i is the letter 
indicating the type of product obtained (i = a, b or c) and X is the halogen employed 
(X = Cl, Br or I). Bromine and iodine were used in their elemental form whereas 
PhICl2 was used as source of chlorine instead of gaseous chlorine. This choice was 
justified by the easy handling of the solid reagent PhICl2 compared to gaseous 
chlorine. PhICl2 was prepared following the literature procedure reported in.
82
 
 
N
Y
NN N
Me Me
Au Au
N
Y
N NN
MeMe
X X
N
Y
NN N
Me Me
Au Au
N
Y
N NN
MeMe
X X X X
N
Y
NN N
Me Me
Au Au
N
Y
N NN
MeMe
X X
Au(III)/Au(I) Au(II)/Au(II)
bx
Au(III)/Au(III)
cx
(PF6)2 (PF6)2 (PF6)2
ax
 
 
6.7.1 Oxidative addition of chlorine 
Iodobenzenedichloride (0.48 mmol) and the gold(I) di(NHC) 
bis(hexafluorophosphate) complex (0.20 mmol) were dissolved in acetonitrile (25 
mL). The solution was stirred at room temperature overnight; then the solvent was 
removed under vacuum. The residue was treated with diethyl ether, giving the 
desired product as a light yellow solid, which was filtered, washed with diethyl 
ether (3 x 3 mL) and dried under vacuum. 
 
1cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 73%. Anal. Calcd for C18H24Au2Cl4F12N8P2: C, 18.35; H, 2.05; 
N, 9.51%. Found: C, 18.91; H, 2.05; N, 9.36%. 1H NMR (CD3CN, 25 °C, ppm): δ = 4.04 
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(s, 12H, CH3), 6.43 (d AB system, 2H, CH2), 7.17 (d AB system, 2H, CH2), 7.54 (d, 
3J = 
1.5 Hz, 4H, CH), 7.80 (d, 3J = 1.5 Hz, 4H, CH). 13C{1H} NMR (CD3CN): δ = 39.5 (CH3), 
62.3 (CH2), 124.8 (CH), 128.6 (CH), 155.0 (N-C-N). 
 
2cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 58%. Anal. Calcd for C20H28Au2Cl4F12N8P2: C, 19.91; H, 2.34; 
N, 9.29%. Found: C, 20.27; H, 2.14; N,8.79%. 1H NMR (CD3CN, 25°C, ppm): δ = 4.04 
(s, 12, CH3), 4.87 (s ,8H, CH2), 7.49 (d, 
3J = 1.5 Hz, 4H, CH), 7.68 (d, 3J = 1.5 Hz, 4H, 
CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 38.8 (CH3), 50.6 (CH2), 125.7 (CH), 127.4 
(CH), 154.1 (N-C-N). 
 
3bCl/3cCl 
N NN N
Au Au
NN NN
(PF6)2
ClCl
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Yellow solid, yield 72%. Anal. Calcd for C22H32Au2Cl4F12N8P2 (10%, 3c
Cl) + 
C22H32Au2Cl2F12N8P2 (90%, 3b
Cl) C, 22.58; H, 2.75; N, 9.57; Cl, 6.63%. Found: C, 21.98; 
H, 2.74; N, 9.20; Cl 6.99%. Two sets of NMR signals are observed in a 1/9 ratio: the 
first one can be attributed to 3cCl by analogy with the spectra of complexes 1cCl, 
2cCl, 4cCl and with the similar complex obtained with bromine (section 6.6.1). (3cCl) 
1H NMR (CD3CN, 25 °C, ppm): δ = 2.50 (m, 4H, CH2), 3.95 (s, 12H, CH3), 4.40 (m, 8H, 
CH2N), 7.41 (s, 4H, CH), 7.46 (s, 4H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 32.7 
(CH2), 38.1 (CH3), 48.9 (CH2N), 124.1 (CH), 127.3 (CH), 154.1 (N-C-N). The second set 
of signals can be attributed to 3bCl. (3bCl) 1H NMR (CD3CN, 25 °C, ppm): δ = 2.50 (m, 
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2H, CH2), 3.45 (s, 6H, CH3), 4.0 e 4.3 (m, 4H, CH2N), 7.50 (s, 2H, CH), 7.56 (s, 2H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 30.6 (CH2), 37.9 (CH3), 47.0 (CH2N), 125.6 
(CH), 127.7 (CH), 155.9 (N-C-N). This mixture is unstable in solution and evolves 
further with time giving a mixture of 3, 3bCl and 3cCl. 
 
4cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 53%. Anal. Calcd for C24H36Au2Cl4F12N8P2: C, 22.83; H, 2.87; 
N, 8.87%. Found: C, 23.34; H, 2.93; N, 8.30%. 1H NMR (CD3CN, 25 °C, ppm): δ = 2.01 
(m, 8H, CH2), 3.95 (s, 12H, CH3), 4.30 (m, 8H,CH2), 7.39 (br, 8H,CH). 
13C{1H} NMR 
(CD3CN, 25 °C, ppm): δ = 28.4 (CH2), 38.3 (CH3), 50.9 (CH2), 124.8 (CH), 126.6 (CH), 
154.0 (N-C-N). 
 
5bCl/5cCl 
N NN N
Au Au
NN NN
(PF6)2
ClCl
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
The NMR spectra of the isolated yellow solid in CD3CN present two different sets of 
signals, relative to two distinct gold complexes, 5cCl and 5bCl, in ca. 12/7 molar ratio. 
Anal. Calcd for C32H36Au2Cl4F12N8P2 (63 % 5c
Cl) + C32H36Au2Cl2F12N8P2 (37 % 5b
Cl): C, 
28.87; H, 2.72; N, 8.50; Cl, 8.61%. Found: C, 28.99; H, 2.73; N, 7.81; Cl, 7.81%. (5cCl). 
1H NMR (CD3CN, 25 °C, ppm): δ = 4.05 (s, 12H, CH3), 5.45 (s, 8H, CH2), 6.72 (m, 4H, 
Ar-H), 7.25 (m, 8H, CH + Ar-H), 7.48 (m, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ 
= 38.5 (CH3), 51.6 (CH2), 125.3 (CH), 127.3 (CH), 127.7 (2CH), 129.8 (CH), 133.1 (C), 
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154.9 (N-C-N). (5bCl). 1H NMR (CD3CN): δ = 3.57 (s, 6H, CH3), 5.02 and 5.34 (AB 
system, 4H, CH2), 7.05 (s, 2H, CH), 7.43 (s, 2H, CH), 7.71 (m, 4H, Ar-H). The 
13C{1H} 
resonances, which are not detectable in the 1D spectrum, are clearly observed in 
the 1H,13C-HMBC NMR spectra in CD3CN; in particular it was possible to identify the 
carbene carbon resonance at 155.5 ppm. The above mentioned mixture 5cCl/5bCl 
evolves in CD3CN solution and after 3 hours the 
1H NMR spectrum presents three 
set of signals relative to complexes 5, 5cCl and 5aCl in ca. 1/8/2 molar ratio. (5aCl). 1H 
NMR (CD3CN, 25 °C, ppm): δ = 3.78 (s, 6H, CH3), 4.01 (s, 6H, CH3), 5.22 and 5.23 (2s, 
8H, CH2), 6.92 (m, 4H, CH), 7.10 (m, 4H, CH), 7.16 (m, 4H, CH), 7.42 (m, 4H, CH). It 
was possible to identify complex (5aCl) as a dinuclear gold(I)/gold(III) complex, as a 
consequence of the presence of the carbene carbon resonance at 154.2 and 185.6 
ppm in the 1H,13C-HMBC NMR spectra. The 5cCl/5bCl mixture was dissolved in 
acetonitrile (15 mL), kept under stirring for 12 hours and then treated with PhICl2 in 
large excess for 24 hours; the volatiles were removed under vacuum and the yellow 
residue was treated with diethyl ether, filtered and dried in vacuum. This treatment 
was repeated twice, finally giving a yellow solid, which was identified as pure 5cCl. 
Anal. Calcd for C32H36Au2Cl4F12N8P2: C, 28.29; H, 2.67; N, 8.25%. Found: C, 28.84; H, 
2.81; N, 7.88%. 
 
6cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 44%. Anal. Calcd for C32H36Au2Cl4F12N8P2 .2CH3CN: C, 30.00; 
H, 2.94; N, 9.72%. Found: C, 29.91; H, 2.92; N, 10.02%. 1H NMR (CD3CN, 25 °C, ppm): 
δ = 3.98 (s, 12H, CH3), 5.00 (s, 8H, CH2), 7.01 (m, 4H, Ar-H), 7.23 (m, 4H, CH), 7.35 (s, 
2H, Ar-H), 7.38 (m, 6H, CH and Ar-H). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 38.5 
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(CH3), 53.8 (CH2), 125.4 (CH), 126.6 (CH), 128.7 (CH), 129.4 (CH), 131.3 (CH), 136.5 
(CH), 154.1 (N-C-N). 
 
7cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 92%. Anal. Calcd for C32H36Au2Cl4F12N8P2: C, 28.29; H, 2.67; 
N, 8.25%. Found: C, 27.74; H, 3.13; N, 7.95%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.97 
(s, 12H, CH3), 5.09 (s, 8H, CH2), 7.16 (s, 8H, Ar-H), 7.25 (d, 4H, CH), 7.37 (d, 4H, CH). 
13C{1H} NMR (CD3CN): δ = 38.5 (CH3), 53.9 (CH2), 125.3 (CH), 126.6 (CH), 129.7 (CH), 
136.4 (C), 154.2 (N-C-N). ESI-MS (positive ions, CH3CN): m/z1213 [Au2L
7
2Cl4PF6]
+, 
1071 [Au2L
7
2PF6]
+, 533 [Au2L
7
2Cl4]
2+, 463 [AuL7]+. 
 
8cCl 
N NN N
Au Au
NN NN
(PF6)2
Cl ClCl Cl
 
 
Light yellow solid, yield 61%.Anal. Calcd for C38H56Au2Cl4F12N8P2: C, 31.46; H, 3.89; 
N, 7.72%. Found: C, 31.07; H, 3.64; N, 7.46%. 1HNMR (CD3CN, 25 °C, ppm): δ = 1.0 e 
2.0 (m, 40H, CH2-Cy), 4.58 (m, 4H, CH-Cy), 6.48 (d AB system, 
2J = 14.4 Hz, 2H, CH2), 
7.04 (d AB system, 2J = 14.4 Hz, 2H, CH2), 7.68 (d, 
3J = 2.1 Hz, 4H, CH), 7.83 (d, 3J = 
2.1 Hz, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 25.2 (CH2-Cy), 34.1 (CH2-Cy), 
62.3 (CH-Cy and CH2), 123.7 (CH), 125.7 (CH), 154.2 (N-C-N). 
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6.6.2 Oxidative addition of bromine 
0.48 mL of a freshly prepared 1M bromine solution in CH3CN (0.48 mmol) were 
added to a solution of the gold(I) di(NHC) bis(hexafluorophosphate) complex (0.20 
mmol) in acetonitrile (15 mL). The solution was stirred at room temperature 
overnight; then the solvent and the excess bromine were removed under vacuum. 
The residue was treated with diethyl ether, giving the desired product as a yellow 
solid, which was filtered, washed with diethyl ether (3 x 3 mL), and dried under 
vacuum. 
 
1cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 91%. Anal. Calcd for C18H24Au2Br4F12N8P2: C, 15.93; H, 1.78; N, 
8.26%. Found: C, 16.11; H, 1.83; N, 8.24%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.99 (s, 
12H,CH3), 6.42 (d AB system, 
2J = 14.1Hz, 2H,CH2), 7.02 (d AB system, 
2J = 14.1 Hz, 
2H, CH2), 7.57 (d, 
3J = 2.0 Hz, 4H, CH), 7.79 (d, 3J = 2.0 Hz, 4H, CH). 13C{1H} NMR 
(CD3CN, 25 °C, ppm): δ = 39.9 (CH3), 63.7 (CH2), 125.1 (CH), 128.6 (CH), 152.1 (N-C-
N). ESI-MS (positive ions, CH3CN) m/z: 1210.25 [Au2L
1
2Br4PF6]
+, 1050.85 
[Au2L
1
2Br2PF6]
+, 904.82 [Au2L
1
2Br2]
+, 824.99 [Au2L
1
2Br]
+, 651.29 [Au2LBr]
+, 533.00 
[Au2L
1
2Br4]
2+, 453.10 [Au2L
1
2Br2]
2+, 373.33 [AuL1]+. 
 
1aBr 
N NN N
Au Au
NN NN
(PF6)2
Br Br
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This complex was obtained as the main product in the attempts to obtain crystals of 
1cBr suitable for X-ray diffraction analysis. Crystals of 1aBr were grown by diffusion 
of CH2Cl2/n-hexane (1/5 v/v) into a solution of 1c
Br in acetonitrile at room 
temperature. Crystals of two different morphologies, needles 1aBr-n and prisms 
1aBr-p, were obtained; the X-ray structure determination shows the same structure. 
The complex was characterized using NMR spectra by dissolving the crystals 1aBr-
n/1aBr-p in CD3CN. 
1H NMR (CD3CN, 25 °C, ppm): δ = 3.90 (s, 6H, CH3), 3.95 (s, 6H, 
CH3), 6.25 (d AB system, 
2J = 14.7 Hz, 2H, CH2), 6.96 (d AB system, 
2J = 14.7 Hz, 2H, 
CH2), 7.32 (s, 2H, CH), 7.49 (s, 2H, CH), 7.59 (s, 2H, CH), 7.78 (s, 2H, CH). 
13C{1H} NMR 
(CD3CN, 25 °C, ppm): δ = 39.0 (CH3), 39.5 (CH3), 63.4 (CH2), 121.9 (CH), 124.9 (CH), 
126.4 (CH), 128.4 (CH), 151.8 (N-C-N), 186.0 (N-C-N). 
 
2cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 65%. Anal. Calcd for C20H28Au2Br4F12N8P2: C, 17.34; H, 2.04; N, 
8.10%. Found: C, 17.66; H, 2.10; N, 7.83%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.97 (s, 
12, CH3), 4.67 (s, 8H, CH2), 7.51 (d, 
3J = 1.8 Hz, 4H, CH), 7.70 (d, 3J = 1.8 Hz, 4H, CH). 
1H NMR (DMSO-d6, 25 °C, ppm): δ = 4.00 (s, 12, CH3), 4.72 (s, 8H, CH2), 7.90 (d, 
3J = 
0.9 Hz, 4H, CH), 8.11 (d, 3J = 0.9 Hz, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 
38.9 (CH3), 50.2 (CH2), 126.0 (CH), 127.8 (CH), 151.7 (N-C-N). ESI-MS (positive ions, 
CH3CN) m/z: 1238.58 [Au2L
2
2Br4PF6]
+, 1079.99 [Au2L
2
2Br2PF6]
+, 932.89 [Au2L
2
2Br2]
+, 
854.98 [Au2L
2
2Br]
+, 665.00 [Au2L
2Br]+, 546.15 [Au2L
2
2Br4]
2+, 467.11 [Au2L
2
2Br2]
2+, 
387.43 [AuIL2]+. 
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3bBr/3cBr 
N NN N
Au Au
NN NN
(PF6)2
BrBr
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Two sets of NMR signals are observed in a 5/95 ratio. Minor product (3cBr). 1H NMR 
(CD3CN, 25 °C, ppm): δ = 2.50 (m, 4H, CH2), 3.88 (s, 12H, CH3), 4.36 (m, 8H, CH2N), 
7.43 (s, 4H, CH), 7.50 (s, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 30.4 (CH2), 
38.2 (CH3), 48.8 (CH2N), 124.3 (CH), 127.3 (CH), 151.2 (N-C-N). Major product (3b
Br) 
1H NMR (CD3CN, 25 °C, ppm): δ = 2.50 (m, 2H, CH2), 3.43 (s, 6H, CH3), 4.15 (m, 4H, 
CH2N), 7.50 (s, 2H, CH), 7.55 (s, 2H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 30.4 
(CH2), 38.0 (CH3), 46.9 (CH2N), 125.6 (CH), 127.6 (CH), 154.7 (N-C-N). The crystals 
utilized in the X-ray analysis exhibited the same NMR spectrum. ESI-MS of the 
mixture (positive ions, CH3CN) m/z: 1266.64 [Au2L
3
2Br4PF6]
+, 1106.94 
[Au2L
3
2Br2PF6]
+, 960.90 [Au2L
3
2Br2]
+, 947.19 [Au2L
3
2PF6]
+, 881.07 [Au2L
3
2Br]
+, 679.32 
[Au2L
3Br]+, 561.01 [Au2L
3
2Br4]
2+, 481.22 [Au2L
3
2Br2]
2+, 401.39 [AuL3]+. 
 
4cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 58%. Anal. Calcd for C24H36Au2Br4F12N8P2: C, 20.00; H, 2.52; N, 
7.78%. Found: C, 20.20; H, 2.31; N, 7.76%. 1H NMR (CD3CN, 25 °C, ppm): δ = 2.02 (m, 
8H, CH2), 3.89 (s, 12H, CH3), 4.24 (m, 8H, CH2), 7.40 (br, 8H, CH). 
13C{1H} NMR 
(CD3CN, 25 °C, ppm): δ = 28.2 (CH2), 38.6 (CH3), 51.1 (CH2), 125.2 (CH), 126.8 (CH), 
150.9 (N-C-N). ESIMS (positive ions, CH3CN) m/z: 1294.83 [Au2L
4
2Br4PF6]
+, 1135.06 
[Au2L
4
2Br2PF6]
+, 990.94 [Au2L
4
2Br2]
+, 975.28 [Au2L
4
2PF6]
+, 909.07 [Au2L
4
2Br]
+, 691.17 
[Au2L
4Br]+, 575.11 [Au2L
4
2Br4]
2+, 495.26 [Au2L
4
2Br2]
2+, 415.38 [AuL4]+. 
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5bBr/5cBr 
N NN N
Au Au
NN NN
(PF6)2
BrBr
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
The NMR spectrum of the isolated yellow solid in CD3CN presents two different set 
of signals, relative to two distinct gold complexes, 5bBr and 5cBr, in 1/1 molar ratio. 
Anal. Calcd for C32H36Au2Br4F12N8P2 (50 % 5c
Br) + C32H36Au2Br2F12N8P2 (50 % 5b
Br): C, 
26.47; H, 2.50; N, 7.72; Br, 16.21%. Found: C,26.71; H, 2.81; N, 7.63; Br, 16.17%. 
(5cBr). 1H NMR (CD3CN, 25 °C, ppm): δ = 3.99 (s, 12H, CH3), 5.43 (s, 8H, CH2), 6.75 (m, 
4H, Ar-H), 7.25 (m, 4H, CH), 7.27 (m, 4H, Ar-H), 7.50 (m, 4H, CH). 13C{1H} NMR 
(CD3CN, 25 °C, ppm): δ = 38.5 (CH3), 51.6 (CH2), 125.3 (CH), 127.7 (2CH), 129.8 (CH), 
133.1 (C), 152.4 (N-C-N). (5bBr). 1H NMR (CD3CN, 25 °C, ppm): δ = 3.54 (s, 6H, CH3), 
5.02 and 5.32 (AB system, 4H, CH2), 7.03 (s, 2H, CH), 7.43 (s, 2H, CH), 7.71 (m, 4H, 
Ar-H). The 13C{1H} resonances, which are not detectable in the 1D spectrum, are 
clearly observed in the 1H,13C-HMBC NMR spectra in CD3CN; in particular it was 
possible to identify the carbene carbon resonance at 154.1 ppm. The above 
mentioned mixture 5bBr/5cBr evolves in CD3CN solution and after 3 hours the 
1H 
NMR spectra presents three set of signals relative to complexes 5, 5cBr and 5aBr in 
4/12/3 molar ratio. (5aBr). 1H NMR (CD3CN, 25 °C, ppm): δ = 3.75 (s, 6H, CH3), 3.96 
(s, 6H, CH3), 5.22 and 5.23 (2s, 8H, CH2), 7.00 (m, 4H, CH), 7.15 (m, 4H, CH), 7.23 (m, 
4H, CH), 7.43 (m, 4H, CH). It was possible to identify (5aBr) as a dinuclear 
gold(I)/gold(III) complex, from the presence of the carbene carbon resonances at 
151.8 and 185.4 ppm in the 1H,13C-HMBC NMR spectra. The 5bBr/5cBr mixture was 
dissolved in acetonitrile (15 mL), kept under stirring for 12 hours and then treated 
with bromine in large excess for 24 hours; the volatiles were removed under 
vacuum and the yellow residue was treated with diethyl ether, filtered and dried in 
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vacuum. The yellow solid was identified as pure 5cBr. Anal. Calcd for 
C32H36Au2Br4F12N8P2: C, 25.00; H, 2.36; N, 7.29%. Found: C, 24.75; H, 2.58; N, 6.96%. 
 
6cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 92%. Anal. Calcd for C32H36Au2Br4F12N8P2 3CH3CN: C, 25.88; H, 
2.49; N, 7.99%. Found: C, 26.02; H, 2.52; N, 8.26%. 1H NMR (DMSO-d6, 25 °C, ppm): 
δ = 2.07 (s, CH3CN), 3.96 (s, 12H, CH3), 5.08 (s, 8H, CH2), 7.01 (d, 
2J = 7.5 Hz, 4H, Ar-
H), 7.39 (m, 4H, Ar-H), 7.59 (d, 3J = 1.5 Hz, 4H, CH), 7.77 (d, 3J = 1.5 Hz, 4H, CH). 1H 
NMR (CD3CN, 25 °C, ppm): δ = 3.92 (s, 12H, CH3), 4.99 (s, 8H, CH2), 7.06 (m, 4H, Ar-
H), 7.23 (m, 4H, CH), 7.39 (m, 8H, CH and Ar-H). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ 
38.9 (CH3), 54.2 (CH2), 125.7 (CH), 126.7 (CH), 129.1 (CH), 129.9 (CH), 131.4 (CH), 
136.2 (CH), 151.1 (N-C-N). ESI-MS (positive ions, CH3CN) m/z: 1390.73 
[Au2L
6
2Br4PF6]
+, 1230.93 [Au2L
6
2Br2PF6]
+, 1071.07 [Au2L
6
2Br2]
+, 1006.87 [Au2L
6
2Br]
+, 
739.07 [Au2L
6Br]+, 623.13 [Au2L
6
2Br4]
2+, 543.00 [Au2L
6
2Br2]
2+, 463.47 [AuL6]+. 
 
7cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 76%. Anal. Calcd for C32H36Au2Br4F12N8P2: C, 25.00; H, 2.36; N, 
7.29%. Found: C, 24.81; H, 2.69; N, 7.06%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.90 (s, 
12H, CH3), 5.13 (s, 8H, CH2), 7.16 (s, 8H, Ar-H), 7.28 (d, 4H, CH), 7.39 (d, 4H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 38.8 (CH3), 54.1 (CH2), 125.6 (CH), 126.8 (CH), 
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129.8 (CH), 136.0 (CH), 151.5 (N-C-N). ESI-MS (positive ions, CH3CN) m/z: 1391 
[Au2L
7
2Br4PF6]
+, 1071 [Au2L
7
2PF6]
+, 463 [AuL7]+. 
 
8cBr 
N NN N
Au Au
NN NN
(PF6)2
Br BrBr Br
 
 
Yellow solid, yield 76%. Anal. Calcd for C38H56Au2Br4F12N8P2: C, 28.01; H, 3.47; N, 
6.88%. Found: C, 27.81; H, 3.45; N, 6.83%. 1H NMR (CD3CN, 25°C, ppm): δ = 1.02.0 
(m, 40H, CH2-Cy), 4.53 (br, 4H, CH-Cy), 6.47 (d AB system, 
2J = 4.8 Hz, 2H, CH2), 6.89 
(d AB system, 2J = 4.8 Hz, 2H, CH2), 7.72 (d, 
3J = 1.2 Hz, 4H, CH), 7.82 (d, 3J = 1.2 Hz, 
4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 25.2 (CH2-Cy), 30.9 (CH2-Cy), 63.6 
(CH-Cy), 64.2 (CH2), 126.2 (CH), 129.3 (CH), 151.0 (N-C-N). ESI-MS (positive ions, 
CH3CN) m/z: 1482.53 [Au2L
8
2Br4PF6]
+, 1323.00 [Au2L
8
2Br2PF6]
+, 1177.07 [Au2L
8
2Br2]
+, 
1099.27 [Au2L
8
2Br]
+, 785.20 [Au2L
8Br]+, 669.07 [Au2L
8
2Br4]
2+, 588.27 [Au2L
8
2Br2]
2+, 
509.00 [AuL8]+. 
 
6.7.3 Oxidative addition of iodine 
0.48 mL of a freshly prepared 1M iodine solution in CH3CN (0.48 mmol) were added 
to a solution of the gold(I) di(NHC) bis(hexafluorophosphate) complex (0.20 mmol) 
in acetonitrile (15 mL). The solution was stirred at room temperature overnight; 
then the solvent and the excess iodine were removed under vacuum. The residue 
was treated with diethyl ether, giving the desired product as an orange solid, which 
was filtered, washed with diethyl ether (3 x 3 mL), and dried under vacuum. 
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1aI 
N NN N
Au Au
NN NN
(PF6)2
I I
 
 
Orange solid, yield 57%. Anal. Calcd for C18H24Au2I2F12N8P2: C, 16.76; H, 1.88; N, 
8.69%. Found: C, 16.97; H, 2.01; N, 8.07%. 1H NMR (CD3CN, 25 °C): δ = 3.85 (s br, 
12H, CH3), 6.28 (m AB system, 2H, CH2), 6.79 (d AB system, 
1H, CH2), 6.97 (d AB 
system, 1H, CH2), 7.30-7.90 (m, 8H, CH). It was possible to identify (1a
Br) as a 
dinuclear gold(I)/gold(III) complex, for the presence of the carbene carbon 
resonances at 185.8, 185.6, 145.0 and 143.0 ppm in the 1H,13C-HMBC NMR spectra. 
ESI-MS (positive ions, CH3CN) m/z: 1145 [Au2L
1
2I2PF6]
+, 891 [Au2L
1
2PF6]
+, 873 
[Au2L
1
2I]
+, 500 [Au2L
1
2I2]
2+, 373 [AuL1]+. 
 
2cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 75%. Anal. Calcd for C22H31Au2I4F12N9P2: C, 16.38; H, 1.94; N, 
7.82%. Found: C, 18.10; H, 2.04; N, 7.23%. 1H NMR(CD3CN, 25 °C, ppm): δ = 3.83 (s, 
12, CH3), 4.67 (s, 8H, CH2), 7.51 (s, 4H, CH), 7.72 (s, 4H, CH). 
13C{1H} NMR (CD3CN, 25 
°C, ppm): δ = 38.9 (CH3), 49.8 (CH2), 126.4 (CH), 128.1 (CH), 144.8 (N-C-N). ESI-MS 
(positive ions, CH3CN) m/z: 1427 [Au2L
2
2I4PF6]
+, 1173 [Au2L
2
2I2PF6]
+, 919 [Au2L
2
2PF6]
+, 
901 [Au2L
2
2I]
+, 711 [Au2L
2I]+, 641 [Au2L
2
2I4]
2+, 514 [Au2L
2
2I2]
2+, 387 [AuL2]+. 
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3cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 73%. Anal. Calcd for C26H38Au2I4F12N10P2: C, 18.56; H, 2.28; N, 
8.33%. Found: C, 18.46; H, 2.00; N, 7.95%. 1H NMR(CD3CN, 25 °C, ppm): δ = 2.52 (m, 
4H, CH2), 3.74 (s, 12, CH3), 4.23 (m, 8H, CH2), 7.42 (d, 
3J = 1.5 Hz, 4H, CH), 7.49 (d, 3J 
= 1.5 Hz, 4H, CH). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 31.4 (CH2), 38.6 (CH3), 49.0 
(CH2), 124.7 (CH), 127.8 (CH), 144.6 (N-C-N). ESI-MS (positive ions, CH3CN) m/z: 
1455 [Au2L
3
2I4PF6]
+, 1201 [Au2L
3
2I2PF6]
+, 947 [Au2L
3
2PF6]
+, 929 [Au2L
3
2I]
+, 655 
[Au2L
3
2I4]
2+, 528 [Au2L
3
2I2]
2+, 401 [AuL3]+. 
 
4cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 41%. Anal. Calcd for C24H36Au2I4F12N8P2: C, 17.69; H, 2.23; N, 
6.88%. Found: C, 14.57; H, 1.61; N, 6.60%. 1H NMR (CD3CN, 25 °C, ppm): δ = 2.04 (m, 
8H, CH2), 3.79 (s, 12, CH3), 4.16 (m, 8H, CH2), 7.43 (s, 8H, CH). 
13C{1H} NMR (CD3CN): 
δ = 28.1 (CH2), 38.9 (CH3), 51.3 (CH2), 125.6 (CH), 127.1 (CH), 144.6 (N-C-N). ESI-MS 
(positive ions, CH3CN) m/z: 1484 [Au2L
4
2I4PF6]
+, 1229 [Au2L42I2PF6]
+, 975 
[Au2L
4
2PF6]
+
, 957 [Au2L
4
2I]
+
, 739 [Au2L
4I]+, 669 [Au2L
4
2I4]
2+, 542 [Au2L
4
2I2]
2+, 415 
[AuL4]+. 
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5cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 72%. Anal. Calcd for C32H36Au2F12I4N8P2: C, 22.29; H, 2.10; N, 
6.49%. Found: C, 22.15; H, 2.32; N, 6.46%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.89 (s, 
12H, CH3), 5.36 (s, 8H, CH2), 6.83 (m, 4H, Ar-H), 7.29 (m, 8H, CH), 7.53 (m, 4H, CH 
and Ar-H). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 39.0 (CH3), 51.7 (CH2), 125.6 (CH), 
128.0 (2CH), 129.5 (CH), 133.1 (C), 145.8 (N-C-N). ESI-MS (positive ions, CH3CN) m/z: 
1578 [Au2L
5
2I4PF6]
+, 1324 [Au2L
5
2I2PF6]
+, 1071 [Au2L
5
2PF6]
+, 463 [AuL5]+. 
 
6cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 86%. Anal. Calcd for C32H36Au2F12I4N8P2: C, 22.29; H, 2.10; N, 
6.49%. Found: C, 22.64; H, 1.96; N, 6.71%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.81 (s, 
12H, CH3), 4.98 (s, 8H, CH2), 7.20 (m, 4H, Ar-H), 7.44 (m, 4H, CH), 7.48 (m, 8H, CH 
and Ar-H). 13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 39.5 (CH3), 54.8 (CH2), 126.1 (CH), 
127.0 (CH), 129.8 (CH), 130.7 (CH), 131.7 (CH), 135.8 (CH), 145.0 (N-C-N). ESI-MS 
(positive ions, CH3CN) m/z: 1578 [Au2L
6
2I4PF6]
+, 1324 [Au2L
6
2I2PF6]
+, 1071 
[Au2L
6
2PF6]
+, 463 [AuL6]+. 
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7cI 
N NN N
Au Au
NN NN
(PF6)2
I II I
 
 
Orange solid, yield 92%. Anal. Calcd for C32H36Au2F12I4N8P2: C, 22.29; H, 2.10; N, 
6.49%. Found: C, 21.66; H, 2.21; N, 6.30%. 1H NMR (CD3CN, 25 °C, ppm): δ = 3.80 (s, 
12H, CH3), 5.14 (s, 8H, CH2), 7.20 (s, 8H, Ar-H), 7.33 (d, 4H, CH), 7.42 (d, 4H, CH). 
13C{1H} NMR (CD3CN, 25 °C, ppm): δ = 40.0 (CH3), 55.0 (CH2), 126.1 (CH), 127.0 (CH), 
130.7 (CH), 136.0 (CH), 145.0 (N-C-N). ESI-MS (positive ions, CH3CN) m/z: 1578 
[Au2L
7
2I4PF6]
+, 1324 [Au2L
7
2I2PF6]
+, 1071 [Au2L
7
2PF6]
+, 463 [AuL7]+. 
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6.8 Investigation on the oxidative addition reaction mechanism 
 
6.8.1 Addition of chlorine to the gold(I) di(NHC) complexes 1-7 at different 
[Cl2]/[Au2] ratios 
Different amounts of a 0.02 M solution of PhICl2 in CDCl3 were added to 500μL of a 
1 mM solution of the gold(I) di(NHC) bis(exafluorophosphate) complex in CD3CN 
into an NMR tube. Four solutions with ratios [PhICl2]/[Au2] = 0.5, 1.0, 1.5 and 2.0 
were prepared (Au2 = complexes 1-7). The 
1H NMR spectra were recorded at 25 °C 
immediately after addition and product distribution determined from the intensities 
of the signals relative to the methyl group. 
 
Addition to 1 
Table 6.3: Addition of PhICl2 to 1 at different [PhICl2]/[1] ratios. 
[PhICl2]/[1] 1 1a
Cl 1cCl 
0 1 0 0 
0.51 0.49 0.51 0 
0.92 0.12 0.84 0.04 
1.08 0.02 0.88 0.1 
1.28 0 0.72 0.28 
1.55 0 0.45 0.55 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 1 and 
1cCl (described in sections 6.4 (1) and 6.6.1 (1cCl)) and 1aCl a mixed valence 
Au(I)/Au(III) complex (1aCl 1H NMR (CD3CN, 25 °C, ppm): δ = 3.88 (s, 6H, 
CH3), 4.00 (s, 6H, CH3), 6.25 (d, 
2J = 14.7 Hz, 4H, CH2), 6.98 (d, 
2J = 14.7 Hz, 
4H, CH2), 7.31 (d, 
3J = 1.5 Hz, 2H, CH), 7.47 (d, 3J = 1.5 Hz, 2H, CH), 7.58 (d, 3J 
= 1.5 Hz, 2H, CH), 7.75 (d, 3J = 1.5 Hz, 2H, CH)). 
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Addition to 2 
Table 6.4: Addition of PhICl2 to 2 at different [PhICl2]/[2] ratios. 
[PhICl2]/[2] 2 2a
Cl 2cCl 
0 1 0 0 
0.44 0.56 0.44 0 
0.89 0.22 0.69 0.09 
1.08 0.08 0.77 0.14 
1.35 0 0.65 0.35 
1.65 0 0.35 0.65 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 2 and 
2cCl (described in sections 6.4 (2) and 6.6.1 (2cCl)) and 2aCl a mixed valence 
Au(I)/Au(III) complex (2aCl 1H NMR (CD3CN, 25 °C, ppm): δ = 3.82 (s, 6H, 
CH3), 3.90 (s, 6H, CH3), 4.61 (m,4H, CH2), 4.77 (m, 4H, CH2), 7.10 (s, 2H, CH), 
7.13 (d, 2H, CH), 7.44 (d, 3J = 1.5 Hz, 2H, CH), 7.62 (d, 3J = 1.5 Hz, 2H, CH)). 
 
Addition to 3 
Table 6.5: Addition of PhICl2 to 3 at different [PhICl2]/[3] ratios. 
[PhICl2]/[3] 3 3b
Cl 3cCl 
0 1 0 0 
0.44 0.6 0.36 0.04 
0.92 0.21 0.66 0.13 
1.54 0 0.92 0.08 
2.1 0 0.92 0.08 
Three different products were identified from their 1H NMR spectra: 3, 3bCl 
and 3cCl (described in sections 6.4 (3) and 6.6.1 (3bCl,and 3cCl)). 
 
Addition to 4 
Table 6.6: Addition of PhICl2 to 4 at different [PhICl2]/[4] ratios. 
[PhICl2]/[4] 4 4a
Cl 4cCl 
0 1 0 0 
0.43 0.57 0.43 0 
1.02 0.13 0.72 0.15 
1.45 0.05 0.45 0.5 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 4 and 
4cCl (described in sections 6.4 (4) and 6.6.1 (4cCl)) and 4aCl a mixed valence 
Au(I)/Au(III) complex (4aCl 1H NMR (CD3CN, 25 °C, ppm): δ = 2.04 (m, 8H, 
CH2), 3.79 (s, 6H, CH3), 3.90 (s, 6H, CH3), 4.18 (m, 4H, CH2), 4.24 (m, 4H, 
CH2), 7.14 (s, 4H, CH), 7.35 (s, 4H, CH)). 
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Addition to 6 
Table 6.7: Addition of PhICl2 to 6 at different [PhICl2]/[6] ratios. 
[PhICl2]/[6] 6 6a
Cl 6cCl 
0 1 0 0 
0.45 0.6 0.35 0.05 
0.92 0.28 0.52 0.2 
1.41 0.08 0.43 0.49 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 6 and 
6cCl (described in sections 6.4 (6) and 6.6.1 (6cCl)) and 6aCl a mixed valence 
Au(I)/Au(III) complex (6aCl 1H NMR (CD3CN, 25 °C, ppm): δ = 3.85 (s, 6H, 
CH3), 3.95 (s, 6H, CH3), 5.05 (s, 4H, CH2), 5.10 (s, 4H, CH2), 6.80 – 7.50 (m, 
16H, CH and Ar-H)). 
 
Addition to 7 
Table 6.8: Addition of PhICl2 to 7 at different [PhICl2]/[7] ratios. 
[PhICl2]/[7] 7 7a
Cl 7cCl 
0 1 0 0 
0.47 0.68 0.29 0.09 
0.99 0.32 0.37 0.31 
1.52 0.1 0.28 0.62 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 7 and 
7cCl (described in sections 6.4 (7) and 6.6.1 (7cCl)) and 7aCl a mixed valence 
Au(I)/Au(III) complex (7aCl 1H NMR (CD3CN, 25 °C, ppm): δ = 3.88 (s, 6H, 
CH3), 3.96 (s, 6H, CH3), 5.15 (s, 4H, CH2), 5.22 (s, 4H, CH2), 7.0 – 7.50 (m, 
16H, CH and Ar-H)). 
 
6.8.2 Addition of bromine to the gold(I) di(NHC) complexes 1-7 at different 
[Br2]/[Au2] ratios 
Different amounts of a 0.07 M solution of Br2 in CD3CN were added to 500μL of a 1 
mM solution of the gold(I) di(NHC) bis(hexafluorophosphate) complex in CD3CN into 
an NMR tube. Four solutions with ratios [Br2]/[Au2] = 0.5, 1.0, 1.5 and 2.0 were 
prepared (Au2 = complexes 1-7). The 
1H NMR spectra were recorded at 25°C 
immediately after addition and product distribution determined from the intensities 
of the signals relative to the methyl group. 
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Addition to 1 
Table 6.9: Addition of Br2 to 1 at different [Br2]/[1] ratios 
[Br2]/[1] 1 1a
Br 1cBr 
0 1 0 0 
0.48 0.52 0.48 0 
0.95 0.05 0.95 0 
1.39 0 0.61 0.39 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 1, 1aBr 
and 1cBr (described in sections 6.4 (1) and 6.6.2 (1aBr and 1cBr)). 
 
Addition to 2 
Table 6.10: Addition of Br2 to 2 at different [Br2]/[2] ratios 
[Br2]/[2] 2 2a
Br 2cBr 
0 1 0 0 
0.39 0.61 0.39 0 
0.98 0.05 0.92 0.03 
1.5 0 0.5 0.5 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 2 and 
2cBr (described in sections 6.4 (2) and 6.6.2 (2cBr)) and 2aBr a mixed valence 
Au(I)/Au(III) complex (2aBr 1H NMR (CD3CN, 25 °C, ppm): δ = 3.82 (s, 6H, 
CH3), 3.84 (s, 6H, CH3), 4.63 (m ,4H, CH2), 4.73 (m, 4H, CH2), 7.13 (d, 
3J = 1.5 
Hz, 4H, CH), 7.46 (d, 3J = 1.5 Hz, 2H, CH), 7.66 (d, 3J = 1.5 Hz, 2H, CH)). 
 
Addition to 3 
Table 6.11: Addition of Br2 to 3 at different [Br2]/[3] ratios: 
[Br2]/[3] 3 3b
Br 3cBr 
0 1 0 0 
0.49 0.6 0.31 0.09 
1.07 0.15 0.63 0.22 
1.5 0 0.95 0.05 
2 0 0.95 0.05 
Three different products were identified from their 1H NMR spectra: 3, 3bBr 
and 3cBr (described in sections 6.4 (3) and 6.6.2 (3bBr and 3cBr)). 
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Addition to 4 
Table 6.12: Addition of Br2 to 4 at different [Br2]/[4] ratios. 
[Br2]/[4] 4 4a
Br 4cBr 
0 1 0 0 
0.44 0.66 0.44 0 
0.94 0.16 0.74 0.1 
1.4 0 0.6 0.4 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 4 and 
4cBr (described in sections 6.4 (4) and 6.6.2 (4cBr)) and 4aBr a mixed valence 
Au(I)/Au(III) complex (4aBr 1H NMR (CD3CN, 25 °C, ppm): δ = 2.04 (m, 8H, 
CH2), 3.80 (s, 6H, CH3), 3.84 (s, 6H, CH3), 4.20 (m, 4H, CH2), 4.24 (m, 4H, 
CH2), 7.14 (s, 4H, CH), 7.36 (s, 4H, CH)). 
 
Addition to 5 
Table 6.13: Addition of Br2 to 5 at different [Br2]/[5] ratios. 
[Br2]/[5] 5 5a
Br 5bBr 5cBr 
0 1 0 0 0 
0.52 0.66 0.16 0 0.18 
1.1 0.36 0.18 0 0.46 
1.6 0.13 0.14 0 0.73 
2 0 0 0.36 0.64 
3 0 0 0.49 0.51 
Four different products were identified from their 1H NMR spectra: 5, 5aBr, 5bBr and 5cBr 
(described in sections 6.4 (5) and 6.6.2 (5aBr, 5bcBr and 5cBr)). 
 
Addition to 6 
Table 6.14: Addition of Br2 to 6 at different [Br2]/[6] ratios. 
[Br2]/[6] 6 6a
Br 6cBr 
0 1 0 0 
0.47 0.57 0.39 0.04 
0.9 0.26 0.58 0.16 
1.38 0.07 0.48 0.45 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 6 and 
6cBr (described in sections 6.4 (6) and 6.6.2 (6cBr)) and 6aBr a mixed valence 
Au(I)/Au(III) complex (6aBr 1H NMR (CD3CN, 25 °C, ppm): δ = 3.86 (s, 12H, 
CH3), 5.12 (s, 8H, CH2), 6.80 (s, 2H, Ar-H), 7.18 (m, 10H, CH and Ar-H), 7.26 
(s, 4H,CH and Ar-H)). 
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Addition to 7 
Table 6.15: Addition of Br2 to 7 at different [Br2]/[7] ratios. 
[Br2]/[7] 7 7a
Br 7cBr 
0 1 0 0 
0.47 0.63 0.27 0.1 
0.88 0.38 0.36 0.26 
1.41 0.14 0.31 0.55 
2 0 0 1 
Three different products were identified from their 1H NMR spectra: 7 and 
7cBr (described in sections 6.4 (7) and 6.6.2 (7cBr)) and 7aBr a mixed valence 
Au(I)/Au(III) complex (7aBr 1H NMR (CD3CN, 25 °C, ppm): δ = 3.89 (s, 6H, 
CH3), 3.91 (s, 6H, CH3), 5.18 (s, 4H, CH2), 5.27 (s, 4H, CH2), 7.0 – 7.50 (m, 
16H, CH and Ar-H)). 
 
6.8.3 Reactivity tests on the oxidative addition of halogens to the gold(I) di(NHC) 
complexes 
Reactions were run at 25 °C in a NMR tube, using CD3CN as solvent adopting the 
following experimental procedure. Solid reagents were put in a 4 mL vial with 0.5 
mL of CD3CN, successively liquid reagents were added (if presents), and the mixture 
was transferred in a NMR tube. The 1H NMR spectra were recorded immediately 
after the tube preparation. Br2 and ICl were not use in their pure form but as a 
freshly prepared 0.07 M solution in CD3CN. 
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Table 6.16: Reactivity tests on oxidative addition-reductive elimination reactions. 
Entry [Reagents] Observation 
1 
[1] = 5 mM 
[3] = 5 mM 
[Br2] = 2.5 mM 
Quick formation (3 – 5 min) of the following reaction 
mixture : 1 (0.50), 3 (0.12), 3bBr (0.27), 3cBr (0.11). 3 
reacts faster with Br2 than 1. The product 
distribution remains the same also after 72 hours. 
2 
[3bBr] = 5 mM 
[Br2] = 6.5 mM 
No reaction. 3bBr is stable in these conditions, it does 
not react with Br2. 
3 
[3] = 5 mM 
[3bBr] = 5 mM 
No reaction. The product distribution of the mixture 
obtained remains unchanged after 24 hours. 
4 
[1] = 5 mM 
[1cBr] = 5 mM 
Quick (3 – 5 min) and quantitative conversion of 1 
and 1cBr into 1aBr. 
5 
[1cBr] = 4 mM 
[3] = 5 mM 
Quick formation (3 – 5 min) of the following reaction 
mixture: 1 (0.47), 3bBr (0.11), 3cBr (0.42). 
6 
[1cBr] = 5mM 
[DMBD] = 90 mM 
T = 45°C. 
formation of the following reaction mixtures: 
After 3 hours: 1 (0.00), 1aBr (1.00). 
        18 hours: 1 (0.25), 1aBr (0.75). 
        27 hours: 1 (0.67), 1aBr (0.33). 
        42 hours: 1 (1.00), 1aBr (0.00). 
7 
[3bBr] = 5 mM 
[DMBD] = 65 mM 
T = 45°C. 
formation of the following reaction mixtures: 
After 3 hours: 3 (0.23), 3bBr (0.23), 3cBr (0.54). 
        18 hours: 3 (0.26), 3bBr (0.30), 3cBr (0.44). 
        27 hours: 3 (0.57), 3bBr (0.24), 3cBr (0.19). 
        42 hours: 3 (0.71), 3bBr (0.17), 3cBr (0.12). 
The product distribution for the different reactivity tests is given by molar fractions 
reported in parenthesis after the name of the compounds. DMDB = 2,3-dimethyl 1,3-
butadiene. 
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6. 9 Oxidative addition of hydrochloric acid (HCl) to the gold(I) di(NHC) complex 3 
 
6.9.1 Preparation of the solution of HCl in CD3CN 
2.5 g (43 mmol) of NaCl were put into a two necks round bottom flask and H2SO4 
98% was slowly added to the chloride salt. Gaseous HCl developed from the 
reaction vessel was bubbled into CD3CN. H2SO4 was added until the ends of HCl 
evolution. The resulting solution of HCl in CD3CN was titrated with NaOH 0.1 M. 
 
6.9.2 General procedure for the HCl oxidative addition to the gold(I) di(NHC) 
complex 3 
1 mL of a 1.4 M solution of HCl (1.40 mmol) in CD3CN and 5.0 mg (4.58 μmol) of 3 
were added into a 4 mL vial. The solution was stirred at 80°C for different times (1 
hour, 1 hour 30 min, 3 hours and 5 hours) and then cooled down and stored for two 
hours at 4°C before the 1H NMR analysis. Product distribution was determined from 
the intensities of the signals relative to the methyl groups in the 1H NMR spectra. 
 
Table 6.17: Addition of HCl to 3 at different times: 
Reaction time 3 3bCl 3cCl 
1 hour 0.0 1.0 0.0 
1 hour 30min 0.0 0.54 0.46 
3 hours 0.0 0.21 0.79 
5 hours 0.15 0.17 0.66 
Three different products were identified from their 1H NMR spectra: 3, 3bCl and 3cCl 
(described in sections 6.4 (3) and 6.6.2 (3bCl and 3cCl)). 
 
To the reaction mixture obtained after 5 hours 3 mL of diethyl ether were added. 
The obtained solid was isolated, and dissolved in 10 mL of CH3CN. The addition of 5 
mL of diethyl ether affords the precipitation of a light yellow solid. The solid was 
isolated and dried at reduced pressure. ESI-MS (positive ions) m/z: 978.84 
[Au2L
3
2Cl5]
+, 906.79 [Au2L
3
2Cl3]
+, 837.06 [Au2L
3
2Cl]
+, 471.04 [Au2L
3
2Cl4]
2+, 401.26 
[Au2L
3
2]
2+, 203.01 [L3]+. 
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6.10 Novel di(NHC) ligands obtained via click chemistry 
 
H2L
16 
 
N N N N
(Br)2TMSTMS
 
 
A mixture of 5-[(trimethylsilyl)ethynyl])-1-methylimidazole (2 mmol) and 1,3-
dibromopropane (1 mmol) in acetonitrile (10 mL) was left under stirring at 75°C for 
16 hours. Addition to the reaction mixture of diethyl ether (15 mL) affords the 
precipitation of the product. The obtained white solid was filtered, washed with 
diethyl ether (2 x 5 mL) and dried under vacuum. 
White solid, yield 85%. 1H NMR (CDCl3, 20 °C, ppm): δ = 0.28 (s, 18H, Si-(CH3)3, 2.88 
(m, 2H, CH2 prop), 3.93 (s, 6H, CH3), 4.78 (m, 4H, CH2prop), 8.21 (s, 2H, CH), 10.27 (s, 
2H, N-CH-N). 
 
H2L
17 
 
N N N N
(PF6)2
 
 
A mixture of H2L
16 (0.20 mmol, 112 mg) and Ag2O (0.50 mmol, 116 mg) in H2O (15 
mL) was left under stirring at room temperature for 24 hours. Subsequently, the 
reaction mixture was filtered through Celite® and the filtrate was treated with 
NH4PF6 (1.1 mmol). The resulting white precipitate was isolated and dried under 
reduced pressure. 
White solid, yield 67%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 2.35 (m, 2H, CH2 prop), 
3.82 (s, 6H, CH3), 4.19 (m, 4H, CH2prop), 5.20 (s, 2H, CH), 8.19 (s, 2H, CH), 9.17 (s, 2H, 
N-CH-N). 
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6.10.1 General procedure for the synthesis of H2L
18 and H2L
19 
 
(PF6)2
N N N N
N
N
N N
N
N RR
O
4
H2L
18 R =
H2L
19 R =
H2L
18 
H2L
19
 
 
Benzylazide was bought from ABCR and used as received, 1-azido-11-methoxy-
3,6,9-trioxaundecane was prepared according to the literature procedure.104 
H2L
17 (0.5 mmol) was dissolved in a 1/1 tetrahydrofuran/H2O mixture (30 mL). To 
this solution were added in the order: the azide (1.2 mmol), (+) sodium L-ascorbate 
(0.5 mmol) and CuSO4·5H2O (0.25 mmol). The reaction mixture was left under 
stirring at room temperature for 48 hours. Tetrahydrofuran was removed at 
reduced pressure and the product was extracted from H2O with CHCl3 (3 x 20 mL). 
CHCl3 was removed at reduced pressure; the residue was washed with diethyl ether 
(3 x 2 mL) and dried under vacuum. 
 
H2L
18
 
Bright yellow solid, yield 70%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 2.45 (m, 2H, CH2 
prop), 3.98 (s, 6H, CH3), 4.27 (m, 4H, CH2prop), 5.73 (s, 4H, CH2), 7.39 (m, 10H, Ar-H), 
8.16 (s, 2H, CH), 8.77 (s, 2H, CH), 9.22 (s, 2H, N-CH-N). 
 
H2L
19
 
Colorless oil, yield 73%. 1H NMR (CD3CN-d6, 20 °C, ppm): δ = 2.26 (m, 2H, CH2prop), 
3.24 (s, 6H, O-CH3), 3.30-3.70 (m, 24H, CH2), 3.90 (m, 4H, CH2), 4.00 (s, 6H, CH3), 
4.28 (s, 4H, CH2prop), 4.62 (m, 4H, CH2), 7.74 (s, 2H, CH), 8.31 (s, 2H, CH), 8.57 (s, 2H, 
N-CH-N). 13C{1H} NMR (CD3CN, 20 °C, ppm): δ = 30.5 (CH2), 36.7 (CH3), 47.4 (CH2), 
51.5 (CH2), 58.8 (CH2), 69.0-73.0 (CH2) 120.8 (CH), 125.9 (CH), 128.5 (C), 134.5 (C). 
31P NMR (CD3CN, 20 °C, ppm): δ = -144.6 (PF6
-). 
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6.10.2 Synthesis of the silver(I) di(NHC) complex 20 
 
N N N N
N
N
N N
N
N
NNNN
N
N
NN
N
N
Ag Ag
(PF6)2
 
 
A mixture of Ag2O (0.25 mmol) and H2L
18 (0.10 mmol) in acetonitrile (15 mL) was 
left under stirring at 60°C for 16 hours, then filtered over Celite®. The volume of the 
reaction mixture was reduced to 3 mL at reduced pressure and addition of diethyl 
ether (20 mL) affords the precipitation of the product. The white solid was filtered 
off washed with diethyl ether (3 x 3 mL) and dried under vacuum. 
White solid, yield 60%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 2.61 (m, 2H, CH2 prop), 
3.73 (s, 6H, CH3), 4.21 (m, 4H, CH2prop), 5.73 (s, 4H, CH2), 7.39 (m, 10H, Ar-H), 8.03 (s, 
2H, CH), 8.62 (s, 2H, CH). 13C{1H} NMR (DMSO-d6, 20 °C, ppm): δ = 29.0 (CH2), 37.3 
(CH3), 48.1 (CH2), 53.2 (CH2), 120.3 (CH), 123.8 (CH), 126.0 (CH), 128.0 (CH), 128.4 
(CH), 128.9 (CH), 135.6 (C). ESI-MS (positive ions) m/z: [Ag2L
18
2PF6]
+ calculated for 
C58H60Ag2N20PF6 1395.31, found 1395.30; [Ag2L
18
2PF6]
2+ calculated for C58H60Ag2N20 
625.17, found 625.16. 
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6.10.3 General procedure for the synthesis of the gold(I) di(NHC) complexes 18 
and 19 
 
N N N N
N
N
N N
N
N RR
NNNN
N
N
NN
N
NR R
Au Au
(PF6)2
O
4
18 R =
19 R =
 
 
A mixture of sodium acetate (0.5 mmol), the diimidazolium hexafluorophosphate 
salt (0.2 mmol), and AuCl(SMe2) (0.2 mmol) in dimethylformamide (15 mL) was 
heated and mantained at 120°C for 3 h. The dimethylformamide was removed 
under reduced pressure; the residue was dissolved in acetonitrile (20 mL) and 
filtered over Celite®. The volume of the acetonitrile was reduced to 3 mL under 
reduced pressure and addition of diethyl ether (20 mL) affords the precipitation of 
the product. The solid was filtered off washed with diethyl ether (3 x 3 mL) and 
dried under vacuum. 
 
18 
Bright brown solid, yield 87%. 1H NMR (DMSO-d6, 20 °C, ppm): δ = 2.69 (m, 2H, CH2 
prop), 3.76 (s, 6H, CH3), 4.34 (m, 4H, CH2prop), 5.70 (s, 4H, CH2), 7.39 (m, 10H, Ar-H), 
8.07 (s, 2H, CH), 8.68 (s, 2H, CH). 1H NMR (CD3CN, 20 °C, ppm): δ = 2.63 (m, 2H, CH2 
prop), 3.78 (s, 6H, CH3), 4.37 (m, 4H, CH2prop), 5.60 (s, 4H, CH2), 7.39 (m, 10H, Ar-H), 
7.53 (s, 2H, CH), 8.18 (s, 2H, CH). 13C{1H} NMR (CD3CN, 20 °C, ppm): δ = 29.4 (CH2), 
37.8 (CH3), 49.5 (CH2), 54.9 (CH2), 120.7 (CH), 124.7 (CH), 127.9 (CH), 129.2 (CH), 
129.6 (CH), 130.0 (CH), 136.3 (C), 136.5 (C), 185.3 (N-C-N). 31P NMR (CD3CN, 20 °C, 
ppm): δ = -144.6 (PF6
-). ESI-MS (positive ions) m/z: [Au2L
18
2PF6]
+ calculated for 
C58H60Au2N20PF6 1575.43, found 1575.41; [Au
I
2L
18
2]
2+ calculated for C58H60Au2N20 
715.23, found 715.23. 
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19 
White solid, yield 76%. 1H NMR (CD3CN, 20 °C, ppm): 2.69 (m, 2H, CH2prop), 3.26 (s, 
6H, O-CH3), 3.30-3.70 (m, 24H, CH2), 3.83 (s, 6H, CH3), 3.92 (m, 4H, CH2), 4.44 (s, 4H, 
CH2prop), 4.61 (m, 4H, CH2), 7.59 (s, 2H, CH), 8.18 (s, 2H, CH). 
13C{1H} NMR (CD3CN, 
20 °C, ppm): δ = 29.4 (CH3), 37.8 (CH3), 49.6 (CH2), 51.3 (CH2), 59.0 (CH2), 69.0-73.0 
(CH2) 120.6 (CH), 125.2 (CH), 128.0 (C), 136.1 (C), 185.3 (N-C-N). 
31P NMR (CD3CN, 20 
°C, ppm): δ = -144.6 (PF6
-). ESI-MS (positive ions) m/z: [Au2L
19
2PF6]
+ calculated for 
C66H108Au2N20O16 915.38, found 915.38. 
 
6.10.4 General procedure for the synthesis of the gold(III) di(NHC) complexes 18cI 
and 19cI 
 
O
4
18cI R =
19cI R =
N N N N
N
N
N N
N
N RR
NNNN
N
N
NN
N
NR R
Au Au
(PF6)2
I I I I
 
 
Iodine (0.5 mL of a 1M solution in acetonitrile, 0.5 mmol) was added to a solution of 
the gold(I) di(NHC) bis(hexafluorophosphate) complex (0.2 mmol) in acetonitrile (15 
mL). The solution was stirred at room temperature for 16 hours; then the solvent 
and the excess of iodine were removed under vacuum. The residue was treated 
with diethyl ether, giving the desired product as an orange solid, which was filtered, 
washed with diethyl ether (3 x 3 mL), and dried under vacuum. 
 
18cI 
Orange solid, yield 94%. 1H NMR (CD3CN, 20 °C, ppm): δ = 2.66 (m, 2H, CH2 prop), 3.91 
(s, 6H, CH3), 4.34 (m, 4H, CH2prop), 5.66 (s, 4H, CH2), 7.40 (m, 10H, C6H5), 7.79 (s, 2H, 
CH), 8.18 (s, 2H, CH). 13C{1H} NMR (CD3CN, 20 °C, ppm): δ = 30.9 (CH2), 37.9 (CH3), 
49.6 (CH2), 54.9 (CH2), 123.1 (CH), 125.3 (CH), 129.2 (CH), 129.7 (CH), 130.0 (CH), 
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130.9 (CH), 135.7 (C), 136.3 (C), 145.7 (N-C-N). 31P NMR (CD3CN, 20°C, ppm): δ = -
144.6 (PF6
-). ESI-MS (positive ions) m/z: [Au2L
18
2I4PF6]
+ calculated for 
C58H60Au2N20PF6 1575.43, found 1575.41; [Au2L
18
2I4]
2+ calculated for C58H60I4Au2N20 
969.05, found 969.05. 
 
19cI 
Orange solid, yield 92%. 1H NMR (CD3CN, 20 °C, ppm): δ = 2.72 (m, 2H, CH2prop), 3.25 
(s, 6H, O-CH3), 3.30-3.70 (m, 24H, CH2), 3.92 (m, 4H, CH2), 3.96 (s, 6H, CH3), 4.39 (m, 
4H, CH2 prop) 4.63 (m, 4H, CH2), 7.87 (s, 2H, CH), 8.28 (s, 2H, CH). 
13C{1H} NMR 
(CD3CN, 20 °C, ppm): δ = 31.2 (CH3), 37.9 (CH3), 49.6 (CH2), 51.4 (CH2), 58.9 (CH2), 
69.0-73.0 (CH2) 123.1 (CH), 126.0 (CH), 131.0 (C), 135.1 (C), 145.5 (N-C-N). 
31P NMR 
(CD3CN, 20 °C, ppm): δ = -144.6 (PF6
-). ESI-MS (positive ions) m/z: [Au2L
19
2I4]
2+ 
calculated for C66H108Au2I4N20O16 1169.19, found 1169.19, [Au2L
19
2I2]
2+ calculated for 
C66H108Au2I2N20O16 1042.29, found 1042.28. 
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